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Abstract 
 
The aims of this research were to understand the structure and property of natural 
bamboo fibre and establish a manufacturing methodology of bamboo fibre 
reinforced polylactic acid (PLA) bio-composite with mechanical properties 
comparable to current commercial automotive non-structural grade composites 
used in dashboard or indoor panel. The first part of this thesis deals with a thorough 
characterisation of bamboo fibres. The results reveal that bamboo fibre has a high 
cellulose content (~75%), high crystallinity index (88%) large crystallite size (7-9 
nm) and a low microfibril angle (6.5°). These structural features provide bamboo 
fibre with higher strength than other ligno-cellulosic fibres such as flax or hemp 
fibres which are the leading natural fibre used in biodegradable bio-composites for 
technical applications. 
Bamboo and polylactic acid (PLA) fibres were blended together into a non-woven 
mat using a carding process followed by needle punching. The resulting mat was 
compression moulded to fabricate a bio-composite. The Fibre to PLA ratio was 
optimised to reach maximum mechanical performance in terms of tensile, flexural 
and impact properties. The optimised bamboo/PLA composite was achieved with 
50:50 bamboo/PLA ratio and the resulting 50:50 Bamboo/PLA composites were 
found to mechanically outperform flax/PLA and hemp/PLA bio-composites 
fabricated using the same process.  
 
The surface treatment of the bamboo fibre was conducted in order to improve their 
interfacial affinity with the PLA matrix. The application of amphiphilic block 
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copolymers of polyethylene glycol and polylactic acid (PEG-PLA) as an interfacial 
modifier has shown to significantly improve the mechanical property of the 
resulting composites by up to 13 % in impact strength and up to 40% in flexural 
strength.  Furthermore the chain length of the amphiphilic block copolymer was 
also found to play a critical role in improving the interfacial adhesion. Longer block 
copolymer chain length was more efficient in enhancing properties of the bio-
composite compared to shorter chain length. . 
Finally, the scale-up manufacture of bamboo/PLA composite process was 
investigated. From an industrial perspective, it is feasible to mass produce 
bamboo/PLA bio-composite as demonstrated by the successful trial conducted on 
an industrial non-woven pilot line at the European Centre for Non-Woven based in 
France. 
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1. Chapter 1 
 
1.1.  Introduction 
 
Governmental awareness and new legislation are the drivers for greener and 
more eco-friendly product in every industrial sector including the automotive 
industry [1]. Recent European legislation requires that by 2015, each car coming 
out of the production line must to be 95% reusable and or recyclable. This new 
directive has been responsible for a global focus from engineers and car 
manufacturer to implement alternative recyclable automotive material t [2, 3]. 
Currently, approximately ten percent of a car mass is made out of plastic and 
composite materials which, once buried in landfill at the end of life of vehicles, 
take hundreds to thousands of year to fully degrade [4-6]. In the 90’s, Mercedes 
was the first car manufacturer start to replace glass fibre with natural fibre, which 
were used, as a reinforcement for their non-structural bio-composite components 
[7-9]. Since, the amount of natural fibres used in one car increased from 3.5 kg in 
to over 60 kg and now most of car manufacturers are using bio-composites for many 
components of commercial vehicles [10]. In most cases, these bio-composites are 
a combination of natural fibre with petroleum based polymer. In order to develop 
greener alternatives, some car manufacturers have started to use bio-sourced and 
bio-degradable polymers (often referred as bio-polymer) such as polylactic acid 
(PLA) [11]. However, there are multiple durability issues encountered by natural 
fibre reinforced bio-composites that still need to be addressed as they restrict their 
applications [12]. For instance, the chemical attributes of natural fibres and polymer 
matrices create  severe lack of interfacial adhesion between both components 
weakening the mechanical potential of bio-composites [12]. Furthermore, moisture 
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affects bio-composites by creating microbial activities, which in the long term leads 
to the propagation of micro-cracks and premature degradation [13-18]. The long 
term durability of bio-composites is also shortened by the lack of UV absorption of 
bio-composite that leads to  premature degradation [19]. 
    
1.2. Aim of the research 
 
The aim of this study is to explore the potential of bamboo fibre as a PLA 
bio-composite reinforcement and to improve the interfacial adhesion between 
bamboo fibre and the PLA matrix. A conventional non-woven drylaid process 
followed by hot compression moulding was chosen to fabricate all bio-composites 
in this study. This process is largely used by the automotive industry for it low 
energy consumption and it allows to modulate the fibre mass ratio used to reinforce 
the bio-composite [20]. The optimum blend ratio of bamboo and PLA was 
determined by establishing the structure-property relationship of a range of bio-
composite using from 30wt% to 80wt% bamboo fibre. The bio-composite with 
optimum blend ratio of bamboo and PLA fibre will then be used as a reference to 
address the issue of interfacial adhesion. The interfacial issue will be investigated 
using an amphiphilic block copolymer of polyethylene glycol-polylactic acid 
(PEG-PLA) where each part has strong affinity with bamboo fibre or the PLA 
matrix, respectively. This approach has been initially developed by Magniez et al. 
on woven based jute and PLA bio-composite using film stacking process but has 
never been investigated on non-woven structure using a drylaid process followed 
by a compression moulding [21].    
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1.3. Scope and Objectives 
 
The objectives of this study were to: 
- Provide a full characterisation of new commercially available bamboo 
fibre to understand the structure property relationships of the fibre. 
- Optimise the blend ratio in bamboo and PLA bio-composite and establish 
their structure property relationships. 
- Demonstrate that the lack of interfacial adhesion between the bamboo 
fibres and the PLA matrix can be overcome using an amphiphilic block 
copolymer. Understand the effect of the chain length of the amphiphilic 
block copolymer on the mechanical property of bio-composite. 
- Conduct an industrial trial to demonstrate the potential of the project for 
further use in the automotive industry. 
 
1.4. Outline of the manuscript 
 
Chapter 1 provides an introduction, the scope, objectives and outline of this 
thesis 
Chapter 2 provides the literature review relevant to the study and the questions 
which drove this research. 
Chapter 3 presents the materials used to conduct the study followed by the 
methodology to manufactures bio-composites samples and to characterise both, 
bamboo fibre and bio-composites. 
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Chapter 4 focuses on the characterisation of bamboo fibre in term of mechanical 
property and how it is related to the micro structure, morphology and physico-
chemical property of the fibres.  
Chapter 5 focuses on the manufacturing of bamboo/PLA bio-composite to 
optimise the fibre blend based on the resulting mechanical properties in order to 
establish the structure-property relationships.  
Chapter 6 focuses on the surface treatment of bamboo fibre using amphiphilic 
block copolymer of polyethylene glycol and PLA to improve the interfacial 
adhesion between bamboo and PLA bio-composite based on the finding of Chapter 
5. 
Chapter 7 utilises the findings from Chapters 5 to manufacture samples on a pilot 
line providing an industrial outcome to this study. 
Chapter 8 presents the conclusions and areas of future works. 
Appendix present supplementary material related to the characterisation of 
bamboo fibre. 
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2. Chapter 2: Literature review 
 
2.1. Introduction 
 
This Chapter presents a literature review of the research progress reported 
in the various scientific fields which are related to this project. To begin with, the 
literature will focus on textile fibres, natural fibres and more specifically on 
bamboo fibres before introducing the use of these fibres for engineering 
applications, such as bio-composites for automotive parts. The third part of the 
literature will focus on bio-polymers and more specifically on polylactic-acid 
(PLA) and its use for technical applications, such as bio-composites. This review 
highlights gaps in the literature, which are articulated through three research 
questions. The three research questions and the methodology used to address these 
questions are presented at the end of the literature review.  
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2.2. Textile fibres 
 
Classification of textile fibres and their structure-property 
relationships 
Textile fibres are classified into two main categories (Fig. 2.1), man-made 
and natural fibres. Man-made fibre are made from synthesise molecule mostly from 
petroleum bi-product or from natural polymer. Man-made fibres have been 
engineered to surpass the properties and requirements that are not reached by 
natural fibres, such as dimensional stability, very high mechanical properties or 
high abrasion resistance [22]. From an industrial perspective, the production, 
properties, morphology and quality of man-made fibres  are consistent and 
tailorable (e.g. size and shape of the fibre) [23].  
 
Fig. 2.1 General classification of textile fibres [24] 
In the meantime, natural fibre have many excellent properties too and often 
cannot be easily replicated by a man-made fibre but the size and properties cannot 
be easily manipulated like a man-made fibre. Natural fibres are sub-divided into 
three categories: animals, minerals and plants (Fig. 2.2). Natural fibres from 
animals such as wool or silk are made of structural proteins. Natural fibres from 
Fibres
Natural 
Fibres
Animals Minerals Plants
Man-made 
Fibres
Natural 
Polymers
Petrol-based 
Polymers/ 
Synthetic
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minerals are classified as inorganic fibres such as asbestos or basalt fibres. Finally, 
natural fibres from plants such as flax, bamboo or wood are classified as ligno-
cellulosic fibres due to their main components, cellulose and lignin. Ligno-
cellulosic fibres are extracted from the stem, the leaf, the seed, the fruit or the trunk 
of the plant according to the nature of the plant, as shown in Fig.2.2. 
 
Fig. 2.2 Classification of natural fibres[25, 26]. 
 
Plant fibres are widely used for diverse industrial applications defined by 
their morphology, physico-chemical properties and mechanical properties. Each 
kind of “non-wood plant fibre” has a different structure, micro-structure and 
localisation in the plant from where the fibres are extracted. Just to illustrate this 
point Mussig et al. published an interesting scheme of the micro-structure of flax 
(Fig. 2.3) showing how the cellulose molecules are assembled which then forms 
micro-fibrils, technical fibres and fibre bundles in the stem [27].   
Natural 
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Fig. 2.3 Schematic of a fibre structure, from the stem to the micro-fibril of bast 
fibre (flax)[27]  
 
Plant fibres have a similar design to a composite structure with long-chain 
of crystalline cellulose (often called micro-fibrils) reinforcing a matrix of hemi-
cellulose and lignin; hence their name ligno-cellulosic fibre. However, each ligno-
cellulosic fibres vary in chemical content and morphology of micro-fibrils (size and 
orientation)(Table 2.1) [28, 29].  
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Table 2.1 Chemical composition of natural fibres [30, 31] 
Fibres 
Cellulose 
(wt %) 
Hemicellulose 
(wt%) 
Lignin 
(wt%) 
Pectin 
(wt%) 
Fat/ 
Waxes 
(wt%) 
Ash 
(wt%) 
Water 
soluble 
content 
(wt%) 
Bamboo 73 12 10-31 0.5   3 
Flax 60-81 14-21 2-5 0.9-3.8 1.3-1.7 1.5 3.9-10.5 
Hemp 57-92 6-22 2.8-13 0.8-2.5 0.7-0.8 0.7-3 0.8-2.1 
Jute 51-84 12-24 5-14 0.2-4.5 0.4-0.8 0.17-0.7 0.5-2 
Kenaf 36-72 20-21 9-19 2    
Ramie 68-85 3-17 0.5-1 1.9-2.1 0.3 0.3 5.5-6.4 
Wood 45-50 23-30 27     
Coir 32-53 0.2-0.3 40-45 3-4   4.5 
Sisal 43-88 10-15 4-14 0.5-10 0.2-2 0.14-0.55 1.2-6 
Pineapple 80-83 16-19 5-13 2-3   4 
Abaca 56-68 19-25 5-13 0.5-1 0.2-3  1.4 
Henequen 60-78 4-28 8-13 3-4 0.5   
Oil palm 65  19-29   2  
Curaua 73.6 10-21 7.5   0.9 2.5-2.8 
Bagasse 32-55 16-30 19-34 10  1.1-5 0.7-3.5 
 
The morphology of a single ligno-cellulosic fibre is made of a superposition 
of cell wall from the outer layer to the centre, (i.e. lumen) (Fig. 2.4.1). There is one 
primary cell wall and three to eighteen secondary cell walls in the case of bamboo 
fibre [32]. The number of secondary cell walls depend on the nature of the fibre 
(wood, bast, grass/leaf or seed fibre) (Fig.2.4) [32].  
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Fig. 2.4 1) General cell wall structure in ligno-cellulosic fibre. Structural 
organisation of cell wall in different kind of ligno-cellulosic fibre:  2) wood fibre 
3) bast fibre (flax) 4) grass fibre (bamboo) 5) seed fibre (coir) [13, 32, 33] 
 
The micro fibrils present on the primary cell wall are randomly distributed 
around the fibre [29]. However along each secondary cell wall, the micro-fibrils are 
well organised, all in parallel, with a helix (S or Z) at an angle from the fibre axis 
called the micro-fibril angle (MFA) [34]. Often, the secondary cell wall S2 is 
described as the denser and thicker cell wall layer from which the micro-fibril angle 
is measured [34]. However, as represented by Fig. 2.4, each type of fibre has a 
different inner microstructural organization. In the case of bamboo fibre, 
Parameswaran et al. described the microstructure of bamboo fibre by a primary 
cell wall followed by a series of secondary cell walls (up to 18) which are 
alternatively thick with low MFA and thin with high MFA as displayed by Fig. 2.5 
[35]. 
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Fig. 2.5 Microstructure of bamboo fibre showing the alternation of thick cell wall 
with low MFA and thin cell wall with high MFA as describe by Parameswaran et 
al. [35] 
 
The MFA is related to tensile property of the fibres; for instance, a low MFA 
is often correlated to stiff fibres as described in Fig. 2.6.  
 
Fig. 2.6 The micro-fibril angle influence the mechanical properties of natural 
plants fibre: A) Hemp fibre B) Cotton fibre [27] 
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Hearle et al. reported that there exists a relation between the MFA, the 
tensile property and the cellulose content in ligno-cellulosic fibres [36]. It was 
found that a low MFA correlates to a stiff fibre with a high cellulose content [34, 
36]. Later on Bledsky et al. reported a comprehensive study listing the strength 
values for a number of ligno-cellulosic fibres and their respective MFA (Fig.2.7) 
[34]. 
 
Fig. 2.7 Correlation between the fibre strength and 1) the cellulose content 2) the 
micro-fibril angle [34]. 
 
The complex organisation of the multiple cell-walls development during the 
plant growing period, which underlies that the mechanical properties of ligno-
cellulosic fibres are interrelated to their maturity (determined by the thickness of 
the cell wall and the lumen size of the fibre) (Fig.2.8) [27]. 
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Fig. 2.8 Schematic tensile strength curve of low and high cell wall/lumen ratio for 
a constant MFA [32] 
In summary, the mechanical properties of ligno-cellulosic fibres have 
shown to be strongly dependent on three intrinsic parameters: MFA, cellulose 
content and cell wall/lumen ratio (density). Each ligno-cellulose fibre possesses 
their own set of properties (Table 2.2) [34] based on the above parameters. 
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Table 2.2 Mechanical properties of natural fibres based on the literature [30, 37, 
38] 
Fibres Tensile 
strength 
(MPa) 
Young’s 
modulus 
(GPa) 
Elongation at 
break (%) 
Density 
(g/cm3) 
Micro-
fibril 
angle (°) 
Bamboo 140-1000 11-89 1.3 – 1.4 0.6-1.5 2-10 
Flax 343-1500 8-100 1.2 1.4-1.52 5-10 
Hemp 310-1110 3-90 1.3-6 1.4-1.6 2-6.2 
Jute 187-800 3-64 0.2-3.1 1.3-1.5 7-10 
Kenaf 180-1191 22-128 1.2-4.6 1.2-1.4  
Ramie 290-1060 5-128 1.6-6.9 1.5-1.56 7.5-10 
Wood 1000 40  1.5  
Coir 95-270 2.8-6 15-51.4 1.15-1.5 30-49 
Sisal 80-855 9-38 1.9-14 1-1.5 10-25 
Pineapple 170-1627 6.2-82.5 0.8-3 0.8-1.6 6-18 
Abaca 12-980 12-72 1.12 1.4-1.5 10-12 
Henequen 430-580 10.1-16.3 3-5.9   
Oil palm 248 3.2-6.7 14-25 0.7-1.55 42-46 
Curaua 439-495 10.5 1.3-4.5 0.92  
Bagasse 20-290 2.7-17 0.9-1.1 0.45-1.25  
 
From an industrial perspective, the characteristic of each fibre, described 
above, are used to choose the suitable fibre to fit the proper technical application 
which often ranges from packaging, automotive, building and civil engineering just 
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to mention the main ones [3]. Added to these characteristics, some natural fibres 
are claimed to provide extra set of properties such as being antibacterial or UV 
blocking due to the specific structure of the lignin[39, 40].  
Despite this, the structure of lignin is not clearly known and is different in 
every kind of ligno-cellulosic fibres; in some cases the lignin has been reported to 
be a source of strong antibacterial activity or UV-protection, such as bamboo [39, 
41]. Over a decade ago, bamboo fibres used in garments by the fashion industry are 
claimed to have anti-bacterial property and sun protection [42]. However, only a 
few brands have used natural bamboo fibre, the others used viscose fibre produced 
from bamboo instead of cotton thereby making these claims questionable, as the 
viscose process ends up with pure cellulose fibres, all non-cellulosic compounds, 
including lignin, are removed by the process [43, 44]. Also the typical structure of 
natural bamboo is destroyed in the regeneration process [43, 44]. These claims have 
driven a lot of research around the different properties of natural bamboo fibre, and 
have been confirmed only to occur in natural bamboo fibre. Indeed, Afrin et al. 
demonstrated that anti-bacterial property came from lignin in natural bamboo 
fibres, not bamboo viscose, and reported that lignin provides bamboo with its UV-
absorption properties [45, 46]. A few other studies reported the important role 
played by the lignin to protect the cell walls against microbial pathogens [29, 45]. 
As a result, natural bamboo fibre appears to be good candidate to address the issue 
of microbial degradation and UV stability to improve the durability of bio-
composites [13, 47]. 
Further to this, it can be seen from Table 2.2 that bamboo fibres appear to 
be a type of ligno-cellulosic fibres with an interesting balance of mechanical 
properties and lignin content. 
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Bamboo fibre 
 
Bamboo is classified as a grass, the trunk of which grows from a rhizome 
as fast as 40 m in a few months and reaches maturity at 4 to 6 years. The trunk is 
divided at  the culm and the node from where the branches grow (Fig. 2.9) [47]. 
 
Fig. 2.9 Scheme of bamboo trunk [48] 
 
Once bamboo is cut, it will grow again, making it a continuous and 
renewable resource [49]. As a result, bamboo is a unique, sustainable resource used 
daily by about 2.5 billion people for many applications, including medicine, food, 
construction, reinforcement, paper and textiles [50]. The annual production of 
bamboo is estimated at 400 million tonnes, which represents a massive annual trade 
of more than US$10 billion [50, 51].  
The production of bamboo fibres can be split into two categories depending 
on the processing methods. The first type, bamboo pulp fibre, also referred to as 
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“bamboo viscose”, is regenerated cellulosic fibre derived from bamboo processed 
using a wet-spinning method. This type of production method is far from being 
ecologically friendly as it involves the dissolution of bamboo pulp into a solvent 
(sodium hydroxide) and the coagulation of the regenerated cellulose in a bath 
containing another co-solvent (sulphuric acid) [43]. In addition, the bamboo loses 
its primary physical and chemical characteristics after this process [31, 45]. The 
second type of fibre is derived from natural and original bamboo, which is typically 
extracted mechanically, chemically, by steam explosion, or by a combination of 
mechanical and chemical processes. Unlike regenerated bamboo, natural bamboo 
fibres retain all the characteristic compounds of ligno-cellulosic fibre, such as 
lignin, hemicellulose and pectin and therefore possess all the original properties 
associated with them. Commercially, the production of natural bamboo fibres has 
only been possible recently due to the difficulties in extracting the single long 
cellulosic fibres from the culm [43, 52-54]. 
Most of the commercial bamboo fibres available are mainly regenerated 
fibres, whereas natural bamboo fibres have only recently appeared on the market 
[38]. Van Vuure et al. show how the extraction method used to produce natural 
bamboo fibres affects the mechanical properties of the fibres (Fig. 2.10) [31, 55, 
56].   
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Fig. 2.10 Influence of the extraction process on the mechanical properties of 
bamboo fibres [55]. 
 
Afrin et al. reported that there exists a relationship between the lignin 
contained in bamboo fibres and its UV absorption and antibacterial properties [45, 
46]. To demonstrate the antibacterial properties, the lignin was extracted from raw 
bamboo and mixed with E.coli in water. A 100% sterilization was achieved with 
only 5% of bamboo extract in the solution [45]. Quitain et al. reported that three 
molecular compounds: ethoxyquin A,  sesquiterpene A and  cyclohexanone A, 
present in bamboo, provide the fibre with antibacterial property [57]. Nishina et al. 
(1991) reported that other compounds such as the benzoquinones and most 
particularly the 2,6-dimethoxy-p-benzoquinone also possess strong antibacterial 
properties [58]. A third study by Yao et al. claims that the anti-bacterial property 
and  UV resistance of bamboo fibres originate from the chlorophyllin and sodium 
copper chlorophyllin, which are 20 times higher in concentration in bamboo 
compared with cotton fibres [59].  
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Natural fibres for engineering applications 
 
Natural fibres reinforced polymer composites have been used for a few 
applications in aeronautic (seats, drop tank) and automotive (car body panels) 
industry since the 1930s [60, 61]. However, when glass fibre became commercially 
available, during the Second World War, the use of natural fibres in composite 
applications rapidly declined. It was only after the crude oil crisis in the 1970s that 
natural fibres reinforced polymer composites slowly started to rekindle [62]. 
Nonetheless, 95% of the fibres used nowadays to reinforce plastics are primarily 
made from glass fibres [63]. Today, natural fibre reinforced composite applications 
include automotive, transport, sports, leisure, nautical, convenience goods, street 
furniture and wind energy [1, 40] The shift towards the use of sustainable materials, 
such as natural fibres in engineering applications, is due to a global environmental 
awareness, government regulations and a growing knowledge of their 
advantageous properties (see part 1.2.2.) [1]. This shift is especially apparent in the 
automotive industry, which is taking the lead in utilising natural fibres as composite 
reinforcement in interior and, more recently, exterior applications [64, 65]. 
 
Automotive applications 
 
During the 1930s, Henry Ford was one of the first to focus his research on 
natural fibre reinforced composites, by combining hemp and soy resin to produce 
car body panels. It was in 1958 that VEB Sachsenring Automobilwerke Zwikau 
(Germany) introduced cotton fibre reinforced phenolic resin in various parts of the 
Trabant (roof, bootlid, bonnet, wings and doors) [62, 66]. In 1991, Daimler-Benz 
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began to look into substituting glass fibres by natural fibres using coir fibre [7] but 
it was only in 1996, with the A-Class that Mercedes began to mass produce natural-
fibre-based interior parts. Since then, an increasing amount of Mercedes cars have 
been manufactured using a large range of natural fibre such coir, hemp, jute, sisal, 
flax or caraua fibres together with epoxy or PP to make many internal part of cars 
(Fig.2.11) [7-9]. It has also been reported that from 2003 to 2012 the average 
quantity of natural and wood fibres in cars manufactured by German companies 
such as Mercedes increased from 3.5 kg to 43 kg [10]. 
 
 
Fig. 2.11 Bio-composite parts in Mercedes car, S-Class 2006 [67], A-Class 1997 
[8]. 
 
Car production increased by 72% between 1997 and 2016, with over 94 
million lightweight vehicles (cars and commercial vehicles) produced in 2016 [68, 
69]. This is inevitably linked to an increase in the pollution they cause, from the 
early manufacturing stages to the end-of-life vehicles (ELV) [70]. Each year, in 
Europe and USA, about 30 million vehicles are considered ELV, whilst in Australia 
500,000 are ELV [71]. This is creating a pollution issue because only 75% by mass 
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of ELV is recycled (mainly the metals); while the remaining materials, such as 
plastics, composites, rubber are usually buried in landfill (Table 2.3) [4, 5]. The 
European Union was the first to react to this pollution issue by imposing that by 
2015, only 5% waste from ELV should be generated, which means, 95% of 
materials in any car coming out of the production line should be reused or recycled, 
which further promote the interest for natural fibre reinforced composites in 
automotive industry [2].  
 
 
Table 2.3 Example of the composition of European car [6] 
 
Material Wt. % 
Steel Sheet 41.00 
Plain Steel 18.00 
Plastic & composites  9.30 
Aluminium 8.00 
Cast Iron 6.40 
Rubber 5.60 
Adhesive/paint 3.00 
Glass 2.90 
Other metals 2.00 
Miscellaneous 2.00 
Textile 0.90 
Fluids 0.90 
Total 100.00 
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This is no doubt driving the industry to reduce its carbon footprint by 
improving manufacturing processes, optimising the management of resources and 
increasing research and the development of “greener” and sustainable products and 
processes. Hence, natural fibres reinforced composites as a potential replacement 
for plastics and glass fibre composites, which represent over 9% of the car mass, 
are highly desired. 
Nowadays, almost all large car manufacturers use natural fibre reinforced 
composites in various parts of the vehicle (Table 2.4). This trend is clearly 
advantageous as it has been shown that natural fibre composites can reduce the 
weight of a component by 30 to 50%, the cost by 10 to 20%, improve recyclability 
and also reduce fuel consumption, thus CO2 emissions [72]. 
 
Table 2.4 Applications of bio-composites in the automotive industry 
Brand Model Applications Materials Source 
FORD 
Mondeo, 
Focus 
Door panels, B-pillar, boot 
liner 
PP 
Kenaf 
 [11] 
MERCEDES 
A, C, E, S-
Class 
Door panel, Windshield, 
dashboard, business table, 
pillar cover panel 
Epoxy, PP 
caraua, coconut, 
jute, sisal, flax 
fibres 
wood flour  
 
[3, 11, 73]  
Trucks 
Internal engine cover, engine 
insulation, sun visor, interior 
insulation, bumper, wheelbox, 
roof cover 
 [11] 
Evobus, 
Travego 
Exterior Flax fibre 
[11, 73]  
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AUDI 
A2, A3, A4 
(&Avant), A6, 
A8 (Roadster 
& Coupe) 
Seat backs, side and back door 
panels, boot lining, hat rack, 
spare tyre lining 
Polyurethane 
flax/sisal  
[11] 
VOLKSWAG
EN 
Golf, Passat, 
Bora 
Door panel, seat back, boot lid 
finish panel, boot liner 
 
 [11] 
BMW 3,5,7 series 
Door panels, headliner panel, 
boot lining, seat backs, noise 
insulation panels, moulded 
foot well linings 
 
[11] 
RENAULT Clio, Twingo Rear parcel shelf   [11] 
PEUGEOT 406 Seat backs, parcel shelf   [11] 
CITROEN C5 Interior door panels PP/Flax [3, 11]  
LOTUS 
Eco Elise 
Body panels, Spoiler, Seats, 
Interior carpet 
Hemp 
[74]  
ROVER 
2000 and 
others 
Insulation, rear storage 
shelf/panel 
 
 [11] 
VAUXHALL Corsa, Astra, 
Vectra, Zafira 
Headliner panel, interior door 
panels, pillar cover panel, 
instrument panel 
PP/Flax 
[3, 11]  
SEAT 
 
Door panels, seat backs  [11]  
VOLVO 
C70, V70 
Seat padding, natural foams, 
cargo floor tray 
 
[11] 
SAAB 
 
Door panels  [11] 
FIAT 
Punto, Brava, 
Marea 
Table, pillar cover panel  
[11] 
TOYOTA 
Brevis, 
Harrier, 
Celsior, 
Raum, RAV4 
Door panels, seat backs, Spare 
tyre cover 
PLA 
Kenaf 
[11, 75] 
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The growing demand for natural products in the automotive industry has 
also been responsible for a drastic transformation in the production of wood and 
natural fibres. In 2012, 80, 000 tonnes of wood, recycled cotton and natural fibres 
were used in Europe to produce 60, 000 tonnes of wood-plastic composites, 30,000 
tonnes of recycled cotton reinforced plastics and 60,000 tonnes of other natural 
fibre composites [10, 78]. The market trade growth of natural and wood fibres for 
composite applications was approximately +15% between 2005 and 2010, +27% 
p.a. between 2010 and 2012, +16% p.a. between 2012 and 2015, and ~+12% p.a 
for 2021 [1, 78-80].  
Many efforts are also being made to develop and use more eco-friendly 
polymers, since currently mostly petroleum derived polymers (polyethylene, 
polyurethane and epoxies) are being used (see part 1.3) [77]. 
 
Advantages of bio-composites 
 
Like any material, natural fibre reinforced composites, have advantages and 
drawbacks. The obvious advantages of natural fibres are their sustainability and 
bio-degradability. In some cases, the use of derived polymers as resin, such as 
polylactic acid (PLA), polyhydroxyalkanoates (PHA) as opposed to petroleum 
derived, increase the sustainability factor of these natural fibre reinforced 
composite materials [33]. Nevertheless, their applications are limited because 
MITSUBISHI CX 
Door trim, tailgate trim seat 
back panels 
Bio-polybutylene 
succianate 
Bamboo 
[76, 77]  
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biodegradable polymers are much more expensive than conventional polymers [12, 
26]. Indeed when a fuel base polymer such as polypropylene or polyethylene cost 
between 0.6 US$/kg and 0.7 US$/kg, PLA cost over 3 US$/kilogram [81, 82]. 
Compared to glass fibres and according to the Ashby graph (Fig. 2.12), 
natural fibres are stiffer, have lower density, better specific strength, and good 
acoustic and thermal insulation properties [7]. Consequently, the use of natural 
fibres to  replace glass fibres as a reinforcement in composites, has generated much 
interest in the automotive industry as mentioned in part 1.2.1 [7]. 
 
Fig. 2.12 Ashby Chart, comparison of composites reinforcement and matrix with 
conventional reinforcement, matrix and metals [13]. 
In addition to being biodegradable and recyclable, natural fibres have a 
lower environmental impact (CO2 neutral after incineration or composting) [22]. 
Other advantages include reduction of tool wear (non-abrasive material), non-
brittle fracture, better safety of handling, more cost effectiveness and greener 
manufacturing process [20, 83]. Indeed, the processing of natural fibres from plants 
to non-woven mats which are later on used to produce composites has been shown 
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to consume 5 to 10 times less energy than producing the equivalent glass fibre mats 
[20]. This also fits well with the European directive on the ELV, which has also 
instigated an action plan to reduce the energy consumption during the 
manufacturing process [3]. 
 
Drawbacks of bio-composites 
 
Quality of fibres 
 
The length, diameter and properties (mechanical and physical) of natural 
fibres are strongly related to the fibre’s nature, species, seed density, crop location, 
harvesting and extraction methods, and the weather [29, 32, 83-85]. Thereby, the 
quality of natural fibres can be inconsistent which impacts the performance of the 
corresponding composites materials.  
 
Interface natural fibre/polymer   
 
The poor fibre/matrix adhesion and interfacial affinity in natural fibre bio-
composites is still an inherent issue and many research papers have examined 
methods of improving the interfacial properties between the hydrophilic natural 
fibre and the hydrophobic polymer matrix. The research conducted in the area of 
interfacial property improvement are mostly based on physical or chemical 
treatments [12, 86, 87]. 
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Physical treatments are based on plasma treatments, which modifies the 
surface energy of natural fibres and creates reactive free radicals on the surface of  
natural fibres to increase the bonding between the fibres and  matrix [88]. The 
change in interfacial properties after physical plasma treatment has been reported 
to improve the mechanical properties of the bio-composite. For instance, Ragoubi 
et al. showed that a corona treatment on hemp fibres resulted in 30% increase  in 
Young’s modulus of  the corresponding polypropylene matrix composite  [89]. 
Similar studies with flax and hemp fibre reinforced bio-sourced matrix [90], sisal 
fibre/HDPE composite [91],  flax fibre/polyester composite [92], jute fibre/HDPE 
composites [93] and jute fibre/unsaturated polyester composites [94], show that 
plasma treatment of the fibres improved the interfacial adhesion between fibre and 
matrix and thus the mechanical properties of the resulted composited. 
There are also many chemical treatment methods that can be used to modify 
the surface of natural fibres to improve their adhesion with the polymer matrix 
(Table 2.5). The most commonly used methods are the acetylation [95], alkaline 
treatment [96-99], silane treatment [100-104], enzymatic treatment [65, 105] and 
the use of coupling agent such as the maleated agent [106-108].  
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Table 2.5 Mechanical improvement of bio-composite due to fibre treatment 
Treatment 
Tensile 
strength 
Young’s 
modulus 
Flexural 
strength 
Impact Source 
Enzymatic +50% - +40% 0% [65] 
Alkali 
treatment 
+50% +20-60% +20-50% +20-75% [12, 96, 109] 
Acetylation +25-70% +800% +25% - [95, 110] 
Coupling 
agents 
+10-100% +10-100% +10-60% +20-100% [34, 96, 98, 111, 112] 
 
All these methods showed varying levels of success in improving the 
interface and mechanical properties of the resulting composites. However, it is 
important to mention that all of these involve the use of chemicals and are time-
consuming because they often consist of several treatment steps. In a study by 
Magniez et al., the use of amphiphilic coupling agent, i.e. block copolymer 
PEG/PLLA, was presented as a new approach to overcome interfacial issues in jute 
fabric/PLA bio-composite [21]. An amphiphilic block copolymer is made of two 
blocks of homopolymer sequentially attached one to another and each block of 
homopolymer has an affinity for either hydrophile or lipophile environment [113]. 
The hydrophilic-lipophilic balance (HLB) of a block copolymer defines its affinity 
with water on a scale from 0 to 20. The amphiphilic block copolymer is applied on 
the fibre using green dip coating process in order to coat the surface of the fibres 
before the composite manufacturing process [21]. This is an interesting approach, 
because the block copolymer can be designed to have a tuneable hydrophobicity 
necessary to provide interfacial affinity with the matrix. 
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Moisture and microbial issue  
 
Moisture sensitivity of natural fibres is considered to be one of the main 
disadvantages of natural fibre composites. Moisture retention in natural fibre 
composites can cause the growth of fungus and bacteria, which further result in bio-
degradation of natural fibres and reduction of the long term mechanical 
performance of composites [13-15]. Among all chemical compounds present in 
natural fibres, hemicellulose is responsible for moisture absorption [114]. When 
PLA bio-composites are exposed to moisture, the moisture will diffuse following 
Fick’s second law as demonstrated by Hu et al. [115]. First there is a rapid moisture 
surface absorption due to the capillary effect on the surface of the bio-composite, 
which is amplified by the dry surface of the bio-composite and natural fibres [115]. 
Once the surface of the bio-composite is saturated by moisture, the absorption rate 
slows down and the moisture diffuses into the inner part of the bio-composite 
through natural fibres [115]. Finally, the absorption increases abruptly when the 
hydrolysis of PLA occurs and the fibres swell, creating stress at the fibre/matrix 
interface, causing micro-cracks [115, 116]. The water molecules will continue to 
flow by capillarity through these micro-cracks and at the interface between the fibre 
and matrix, simultaneously carrying the water soluble compounds from the fibre 
surface and creating pressure pockets [117]. The development of these pockets 
along the fibres will initiate debonding between the fibres and the matrix. However, 
after prolonged periods, bacterial or fungal growth will start to biodegrade the 
fibres [118]. A study on jute/phenolic composites showed the fungus growth on the 
surface of  composites exposed to highly humid environment (750h of accelerated 
ageing) or  immersed in water for 8 weeks causing a loss in weight (~16 to 22%), 
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tensile (~50 to 80%) and flexural properties (~25 to 50%) [119]. Similar trends 
were reported separately in flax/maleated polypropylene (MAPP) composites, 
where fungus growth also affected the mechanical performance. It was also 
demonstrated that fungus growth started after only three days on flax fibre in highly 
humid environment leading to biodegradation of the fibre [120].    
In order to tackle this issue of bacterial growth in composites, a number of 
fibre treatment methods have been reported involving the use of metallic nano-
particles such as copper [121], zinc [122, 123], titanium [124], gallium [125], iron 
[126], gold [125] and silver [127], just to mention the most commonly used [128]. 
Some of the nano-particles such as ZnO2 or TiO2 require UV excitation to activate 
the anti-bacterial property [124, 129].  Anti-bacterial efficiency has to be correlated 
not only with the type, morphology and concentration of the antibacterial 
nanomaterial but also with the type of bacteria and its density, the growth condition 
and test duration [128, 130, 131].  
Nanoparticles are typically applied to natural or man-made fibres by dip 
coating or a classic dye process where nano-particles can be added to dope extruded 
polymer fibres [132]. Nowadays, alternative approaches for antibacterial treatment 
have started to be used by the industry to treat natural and polymer fibres with green 
and bio-sourced products, such as chitosan [133], alginate [134] or triclosan [135] 
for various kind of industries including medical, textile and food packaging [130]. 
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The UV absorption issue 
 
UV radiation from direct sunlight has been shown to deteriorate bio-
composites causing problems such as surface roughening, colour fading, 
embrittlement and weight loss, which will be further amplified under a humid 
environment [136, 137]. UV exposure affects both the matrix and natural fibres 
[16]. The matrix absorbs UV radiation causing photo-degradation as a result of 
chain scission of the molecules that reduces the polymer chain, creating cracks 
followed by crack propagation [17, 18]. This crack phenomenon starts at the surface 
exposed to UV radiation, but as soon as the first crack appears at the surface of the 
material, the UV radiation diffuses deeper into the composite, resulting in further 
deterioration of the polymer matrix [18, 138].  
In contrast to bio-composites, the deterioration of ligno-cellulosic fibres by 
UV light occurs due to the photo-chemical reaction on the fibre surface, forming 
free radicals. These free radicals initiate the degradation of lignin, resulting in 
discoloration and the photo-oxidation of cellulosic components such as cellulose 
and hemi-cellulose [138]. 
In a study by Matuana et al., the photo-degradation rate of wood flour/PVC 
bio-composite was correlated to the wood flour content [139]. Increasing the wood 
flour content accelerated the colour change rate of the composite and also slowed 
down the loss of tensile properties compare to an unfilled PVC sample [139]. 
Ndiaye et al. also correlated the photo-oxidation rate of wood flour/PP composite 
to the wood-flour content [140]. However their study demonstrated that this rate 
can be reduced by the use of compatibilizer to improve the wood flour dispersion 
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during composite manufacturing [140]. In another study, the manufacturing process 
was found to affect the UV resistance, for example, an HDPE/ wood flour 
composite showed that the injection-moulded composite had better resistance to 
weathering test than those processed by extrusion [141]. The degradation rate and 
the loss of mechanical properties of the bio-composites was correlated to  
environmental conditions, including temperature, humidity, UV intensity and 
exposure  time [141]. 
In order to reduce UV deterioration, photo-stabilizers, pigments or coating 
have been used [138, 142, 143]. Coatings often consist of covering the surface of 
composites with an opaque pigment that blocks UV and light. Generally, plastic 
materials have low surface energy and the coating does not adhere well to these 
materials [138]. The use of photo-blocker pigments is efficient to stop UV 
penetration; by using dark pigments, it provides better colour stability to the 
composite [142]. Pigments can also be introduced into thermoplastic polymer, such 
as polylactic acid, during the extrusion process. The photo-stabilizers can be 
divided into two categories: UV light absorbers and hindered amine light 
stabilizers. The UV light absorber shields the composite therefore, part of the UV 
radiation is absorbed by the photo-stabilizer [143]. Another approach is to treat the 
surface of the fibres prior to composite manufacturing by coating the fibre with 
nano-particles such as titanium dioxide or zinc oxide that are well-known for 
providing UV protection and anti-bacterial properties [128, 144]. 
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2.3. Bio-polymer 
 
Regulations concerning industrial plastic wastes, disposal and pollution 
have driven industrial research and development of alternative bio-sourced and bio-
degradable plastics [26]. The production of bio-polymers increased from 0.05 
million tonnes in 2000 to 1.7 million tonnes in 2014, out of 311 million tonnes of 
plastics produced globally in that year [145, 146]. The use of bio-polymers is 
segmented between different industries, with 5.5 % of global bio-polymer 
production used by the automotive industry [146].  Currently, the use of bio-
polymers is limited due to their higher price compared to conventional polymers 
[83]. 
Bio-polymers are produced from renewable resources such as biomass, 
micro-organisms, or from a mix between renewable and fossil-based resources 
[147] (Fig. 2.13). Therefore, some other bio-based polymers are classified as bio-
polymers but they are not bio-degradable, such as polyamide 11 or bio-PET [146]. 
 
 
Fig. 2.13: Bio-degradable polymer – classification [26, 33] 
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Among the bio-degradable polymers, the most widely used is polylactic 
acid or PLA, which represented 13% of the global bio-polymer production in 2012 
[146]. PLA is either made using bacteria, biomass, agricultural waste (corn, 
beetroot) from which the dextrose is extracted and fermented [148]. The 
fermentation result in a solution of lactic acid used to conduct a continuous reaction 
of condensation producing a prepolymer of lactic acid with low molecular weight 
[149]. Then, the prepolymer is combined with a catalyst to improve the selectivity 
of stereoisomers, the PLA lactide, which goes through a number of reactions of 
cyclization, purification and distillation [149]. Finally, the PLA is converted into 
high molecular weight polymer through a ring opening polymerization and the 
remained monomer is recycled to the beginning of the process [149]. PLA is mostly 
produced by one company in USA, Cargill Dow LLC, since 1997, under the name 
“NatureWorks LLC” and is available into different form such as pellets, films or 
fibres according to the targeted applications [148]. For instance, Table 2.6 describes 
the properties of PLA for staple fibres from NatureWorks LLC, Ingeo Biopolymer 
6202D, as follow [150]: 
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Table 2.6 Properties of polylactic acid - Ingeo biopolymer 6202D 
Physical Properties 
Specific Gravity 1.24 
Relative viscosity 3.1 
Melt Index – g/10 min (210 ˚C) 15-30 
Melt Density (230 ˚C) 1.08 
Glass Transition Temperature (˚C) 55-60 
Crystalline Melt Temperature (˚C) 155-170 
Typical Fibre Properties 
Denier per Filament (g/9000 m) ≥0.5dpf 
Tenacity (gf/denier) 2.5-5.0 
Elongation (%) 10-70 
Modulus (gf/denier) 30-40 
 
The use of PLA for structural application is limited by two major factors, 
i.e. its higher production cost over conventional plastics and its moisture sensitivity, 
which creates thermal hydrolysis issues (chain scission). This acceleration 
increases when PLA is reinforced by natural fibres compromising the mechanical 
properties and durability become compromised on long term [74, 146, 148, 149]. 
Indeed, PLA bio-degradation is the key criterion of this polymer but also its main 
drawback because it must degrade after its expected life, not before [148]. 
Nevertheless, due to the mechanical properties of PLA, which are comparable to 
polypropylene and better than most of other biodegradable polymers, more and 
more studies and applications are now available. PLA reinforced by natural fibres 
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are broadly used for packaging, building construction or for non-structural 
applications in the automotive industry [151, 152].  
In the literature, PLA has been reported to be processed via different 
manufacturing routes for making composites reinforced by various natural fibres 
(Table 2.7). For instance, Oksman et al. compared the properties of flax/PLA bio-
composites and flax/PP bio-composites (both produced by extrusion followed by 
compression moulding), showing that the former has 50% higher tensile strength 
than the later flax/PP bio-composite [153]. By this study Oksman et al. demonstrate 
the advantages and interest of using PLA to reinforce bio-composite over PP which 
is one of the most used polymer in automotive industry [153, 154].  Lee et al. used 
hot compression moulding of carded and needle-punched kenaf/PLA non-woven 
to optimise the blend between natural and polymer fibres [155]. Plackett et al. 
(2003) used a film-stacking process followed by hot-compression moulding to 
make a jute/PLA composite out of jute mats and PLA films [156]. Bledzki et al. 
used an injection moulding process of short-fibres of abaca to reinforce PLA [157]. 
As shown in Table 2.7, the mechanical properties of the PLA bio-composites are 
greatly influenced by the fibres reinforcing the bio-composites as reported by 
Pickering et al., by the fibres concentration used to reinforce the composites as 
reported by Oksman et al. and by the manufacturing process as reported by Faruk 
et al. [153, 158, 159]. 
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Table 2.7 Overview of mechanical properties of natural fibres reinforced PLA 
bio-composites 
Natural 
fibre 
Concentration 
(% wt) 
Process 
Tensile 
strength 
(MPA) 
Young’s 
modulus 
(GPa) 
Flexural 
strength 
(MPa) 
Charpy impact 
energy (kJ/m2) 
Source 
Abaca 30 
Injection 
moulding 
74 8.03 124 5.3 [157] 
Flax 30 Film Stacking 100 8 N.A. N.A. [160] 
Flax 30 
Extrusion + melt 
modification 
70 8.4  17.8 [148] 
Ramie 30 
Compression 
moulding 
52 3 105 8.5 [161] 
Hemp 30 
Compression 
moulding 
83 11 143 7 [162] 
Hemp 40 Film stacking 54.6 8.5 112.7 - [163] 
Flax 40 
Compression 
moulding 
44 7.3 - 12 [153] 
Flax 40 
Injection 
moulding 
45 7.2  11 [148] 
Kenaf 40 
Compression 
moulding 
52.9 7.14 - 9 [164] 
Wood 
flour 
40 
Compression 
moulding 
37.2 3.73 - - [165] 
 
Based on the Table 2.4, the automotive sector is using many kind of natural 
fibres to reinforce different polymers. However independently to the car 
manufacturer or the product manufactured, 95% of natural fibres reinforced 
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composites are made by compression moulding either with thermoplastic (55% of 
the volume produce) or thermoset (45% of the volume produce) [3]. 
The use of coupling agent to reinforce bio-composite is not new and often 
involves harmful chemicals or provides limited improvement of the mechanical 
properties of the bio-composite [12]. However one coupling agent that attracts our 
attention  is the amphiphilic block copolymer of polyethylene glycol and polylactic 
acid used by Magniez et al. [21]. Magniez et al. showed that the copolymer not only 
provides great improvement of mechanical properties but also can be tailored to the 
matrix by changing the size of each block. The addition of the amphiphilic block 
copolymer does not alter the surface of natural fibres as most of other surface 
treatment methods do [12, 21]. In the case of bamboo filler, to the best of my 
knowledge, there are only three reviews of coupling agents used in conjunction 
with bamboo fibres including two using silane agent and one using L-lysine-
diisocyanate (LDI) [166-168] . Silane agent has been used on bamboo fibre to fill 
natural rubber bio-composites [166, 167]. In general, silane coupling agent 
provides limited improvement of the interfacial adhesion between natural fibres 
and matrix and reduces the moisture absorption [166, 167, 169]. Nevertheless, a 
proper silane coupling agent must be chosen based on the matrix of the composites 
to create an efficient chemical bond at the interface [166, 169]. Lee et al. also used 
a bio-based coupling agent, the L-lysine-diisocyanate (LDI) to improve the 
interfacial adhesion and water resistance of the bio-composite [168]. However, 
these coupling agents do not significantly improve the mechanical property as it 
was observed by Magniez et al. on ligno-cellulosic fibre reinforced bio-composite 
[21]. 
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2.4. Research questions 
 
The literature study has revealed gaps in developing a 100% bio-degradable 
composite made from natural fibre and a bio-degradable matrix. So far not attempts 
have been made using bamboo fibres and understanding its use as a composite 
material particularly in combination with biodegradable matrix. Such a product will 
allow natural properties of bamboo to be used to develop a strong, UV resistant, 
bacterial resistant composite yet to be composted at the end of life. The following 
specific research questions need to be addressed to understand such a composite 
material and optimise and develop the manufacturing process 
 
How do the physico-chemical properties of newly 
commercialised bamboo fibres compare to other natural fibres?  
 
The increase of policy and regulation for more sustainable and greener 
material drives researcher and industries to use more bio-sourced material such as 
natural fibre (e.g. flax, hemp, kenaf, jute are currently used for technical 
applications). [34, 40, 170]. Bamboo fibres have recently emerged on the market 
as a novel natural fibre with a promising potential to other fibres in term of 
mechanical, UV and antibacterial properties. To maximise their value and create 
new market opportunities, a deep understanding of their properties and 
morphological attributes is needed because natural bamboo fibre, particularly those 
available commercially are not adequately characterised. The first part of this study 
aim to fully characterise this new fibre in term of mechanical properties, 
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morphology and physico-chemical properties to establish its structure-property 
relationships. Establishing the structure-property relationships of the fibre gives a 
better understanding of the fibre itself and allow a better targeting of the technical 
application to use the fibre. The elementary bamboo fibres were benchmarked 
against flax and hemp fibres that are routinely used for bio-composite applications. 
 
Are elementary bamboo fibres suitable for technical 
application such as bio-composites? 
 
The use of bamboo fibres (aka “Natural glass fibre”) as reinforcement in 
composite is not new [31]. A number of scientific studies have been published 
where bamboo in various unrefined raw forms (strips etc) reinforced either 
thermoset such as epoxy or thermoplastic resin such as polyester or polypropylene 
[31]. However, most of these studies use different form of bamboo reinforcement 
for the composite, such as bamboo woven mat [38], bamboo strips [31], bamboo 
fibre bundle or bamboo fibres [56]. Elementary bamboo fibre compare to any 
aforementioned form is of a significant interest by providing a higher volume fibre 
fraction, resulting in bio-composites with higher mechanical property [31]. 
Elementary bamboo fibres are newly commercially available and there is no study 
reporting on the potential use for technical application as a composite 
reinforcement. Since non-woven technology has been viewed as a less energy 
intensive fibre processing method [20], a dry-laid non-woven process was used to 
produce the non-woven mats used as a substrate to fabricate the bio-composites. A 
hot-compression moulding was used to consolidate the non-woven into bio-
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composite, the process of which is extensively utilised in the automotive industry 
to produce non-structural composite panels [78]. This study aims to investigate 
such potential through the optimisation of the mass ratio of bamboo fibre in a 
composite with PLA. The performance of these bamboo fibre/PLA bio-composites 
are benchmarked against other hemp and flax/PLA bio-composites but importantly 
also against an automotive grade kenaf/hemp/PP bio-composites.  
 
How can we improve the interfacial adhesion in bamboo 
reinforced PLA bio-composites in a simple and environmentally 
friendly manner? 
 
One common recurring problem found in natural fibre reinforced polymer 
bio-composites concerns the poor interfacial property between the hydrophilic 
natural fibres and the hydrophobic polymer which has been shown to affect 
mechanical properties [12, 14, 15, 171]. The interfacial improvement between the 
fibre and the matrix has been shown to result in a higher mechanical performance 
due to better fibre/matrix adhesion [172]. To improve the interfacial properties it is 
often necessary to introduce chemical bonds between the fibres and the matrix [15]. 
Several scientific methods have been used to improve the surface adhesion of 
natural fibres using chemical (alkali treatment and acetylation for instance) or 
physical (plasma) surface treatment [15, 21]. These two types of method show an 
improvement on the interfacial adhesion resulting in better mechanical properties 
on the bio-composites [12, 21, 171]. However these methods are complicated, 
costly and are not really commercially viable. One recent methodology developed 
at Deakin by Magniez et al involves the use of amphiphilic surface coupling agents 
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also called amphiphilic block copolymer [21]. Amphiphilic come from the greek, 
amphis means both and philic, love or an affinity for [113]. Hence, an amphiphilic 
block copolymer is made of two (or more) blocks of homopolymer either 
hydrophilic or hydrophobic (lipophilic) sequentially attached one to another 
resulting in a compound which has both properties hydrophilic and hydrophobic 
[113, 173]. Amphiphilic block copolymer are largely use in surfactant, emulsifier, 
dispersant and compatibilizer just to mention of few [113, 173].  Magniez 
demonstrated that the interfacial properties in a jute reinforced polylactide bio-
composite could be tailored through surface adsorption of amphiphilic copolymers, 
resulting in significant improvements in mechanical and thermo-mechanical 
properties [21]. This method is deemed to be much more ecologically benign as the 
treatment of the fabric can be carried out in aqueous solutions via simple dip-
coating [21]. In a more recent study, Magniez et al. showed that the observed 
improvements in mechanical properties are more significant when the HLB of the 
amphiphilic coupling is the lowest [174]. One of the remaining unanswered 
question thus far is at similar HLB level, what could be the effect of the chain block 
length. The aim of this study is to use two amphiphilic block copolymers (PEG-
PLA) of low HLB ~ 3.33 but of significantly different molecular weight (i.e. 
different chain block lengths), and analyse the effect on the mechanical behaviour 
of a bamboo/PLA bio-composite.  
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3. Chapter 3: Experimental Details 
 
The experimental details are sub-divided into 4 sections. The first section 
reports on the materials used for all the result chapters. The second section focus 
on the surface coating of bamboo fibre using amphiphilic block copolymer. The 
third part explain the methodology used to manufacture both kind of bio-
composites, unidirectional (UD) and from non-woven mats. The fourth and last part 
present the characterisation techniques used to establish the structure-property 
relationship of elementary bamboo fibre and bio-composites - including single fibre 
fragmentation samples, UD bio-composites and bio-composites (made from non-
woven mats). 
 
3.1. Part 1 - Materials. 
 
Bamboo fibres (Phyllostachys pubescens) were supplied by an ISO9001 
certified company, Suzhou Shenboo Textile Co., Ltd. China (Fig. 3.1) [175]. The 
elementary fibres were extracted through a combination of steaming, mechanical 
and enzymatic degumming processes. The elementary fibres were conditioned for 
at least 24 h at 20°C and 65% relative humidity prior to testing.  
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Fig. 3.1 Bobbin of a sliver of natural bamboo fibres as-received from the 
supplier. 
 
Mechanical properties of bamboo fibres were compared to flax fibres 
(Linum usitatissimum) sourced from Durafibre Inc. (Canada) and hemp fibres 
(Cannabis sativa) sourced from Ecofibre Industries (Australia) and compared their 
properties with those of bamboo fibres. 
Short polylactic-Acid (PLA) hollow fibres designed for carding were 
supplied by Haining Xin Neng Fibers & Non-Wovens Ltd., China. The fibres are 
10.2 cm long, with a fineness of 10 dtex per filament and a melting point of 170°C.  
The mechanical properties of the bio-composite produced in Chapters 5 and 
6 were systematically compared with a bio-composite used in the automotive 
industry. This bio-composites was supplied by Ecotechnilin (France), made of 
hemp/kenaf/Polylpropylene (0.25/0.25/0.5 wt%) with a surface area of 1750 g/m2. 
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Commercial PLA films made from NatureWorks polymer (300μm) were 
supplied by Bi-Ax international (Canada). Commercial PLA fibres (10dpf x 
102mm) made from NatureWorks polymer were supplied by HXN Fibers (China).  
The surface treatment of bamboo fibre was done using two amphiphilic 
block copolymers of polyethylene-glycol and PLA of same hydrophilic-lipophilic 
balance, HLB=3.3 but with different length (Fig. 3.2). One was purchased from 
Advanced Polymer Material Inc. composed of ~2000 g/mol of Polyethylene glycol 
and 10000 g/mol of PLA for a total molecular weight of ~12000 g/mol. The second 
one was made in laboratory here at Deakin University by Magniez et al. [21]. This 
amphiphilic block copolymer is made of 5000 g/mol of Polyethylene glycol and 
25000 g/mol of PLA for a total molecular weight of 30000 g/mol. Below is the 
representation of the molecule with the polyethylene glycol in the left-hand side 
bracket and the PLA in the right-hand side bracket. 
 
Fig. 3.2 Scheme of the an amphiphilic block copolymer of PEG-PLA 
 
All solvents used in this study were of analytical grade and purchased from 
Sigma Aldrich (USA) including acetone, n-hexane, n-heptane, n-octane and n-
nonane, chloroform, ethyl acetate, 1, 4-dioxane, ethanol, dichloromethane, acetone 
and acetonitrile.  
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3.2. Part 2 – Surface treatment of bamboo fibre. 
 
Preparation of the of the aqueous PEG-PLA dispersion. 
 
The amphiphilic block copolymer were dispersed into a solution of 
water/acetone (1:1) where they formed micro-crystal in suspension similarly to 
what has been reported elsewhere by Magniez et al. [21, 174]. To coat the fibre 
each amphiphilic block copolymer was dispersed with a concentration of 1, 2 and 
4 wt% to the fibre mass used to make the later on bio-composite. To proceed to the 
dispersion, the required amount of powder of amphiphilic block copolymer was 
weighted and transferred into a schott bottle filled with the required amount of 
acetone, and stirred using a magnetic stirring at room temperature for an hour. Then 
the same volume of DI water was added into the schott bottle and placed in an 
ultrasonic bath (Decon FS300b, UK) for an hour. The dispersion in water/acetone 
(volume ratio of 1: 1) was then used to coat the fibre surface. The volume of water 
and acetone is based on the volume of fibre to be coated, further detail will be given 
on the next sub-parts “Surface coating of bamboo fibre for UD bio-composites” 
and “Large scale fibre surface coating for “non-woven based bio-composite”. 
The coating of the bamboo fibre with the amphiphilic block copolymers 
was carried using two separate methods depending on the nature of the fibrous 
bamboo substrate (i.e. unidirectional combed ribbon or randomly oriented non-
woven).   
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Surface coating of bamboo fibre for UD bio-composites 
 
Bamboo fibre were received under the form of a combed ribbon rolled up 
as a bobbin (Fig. 3.1), meaning all the fibres were aligned and parallel to each other. 
This arrangement made it possible to prepare unidirectional (UD) bio-composite 
by stacking ribbons of bamboo fibres between PLA films. To do so, a ~25cm length 
of a ribbon of bamboo fibre weighing ~3g, was cut out of the bobbin.  Each ribbon 
was dip coated into 25mL of water/acetone solution were the required amount of 
amphiphilic block copolymer was dispersed (Fig. 3.3). The amount of amphiphilic 
block copolymer used for each concentration was as follow, for 1wt% to the fibre 
mass, 30mg of amphiphilic block copolymer was dispersed, for 2 wt%, 60mg and 
for 4 wt%, 120 mg. After coating, each wet ribbon was dried manually using a heat 
gun set at 120⁰C in order to remove some of the excess of solution. The pre-dried 
ribbons were then transferred into a vacuum oven where they were dried at 45°C 
for 24h in order to remove residual solvent as much as possible (Fig. 3.3). Finally 
the dry ribbons of bamboo fibre were place in an oven at 120⁰C for 2 minutes to 
melt the amphiphilic block copolymer on the surface of the fibres and fix it 
permanently prior manufacturing the composites.  
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Fig. 3.3 Process used to coat the surface of the fibre with PEG-PLA
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Large scale fibre surface coating for “non-woven based bio-
composite”. 
 
The results presented in Chapter 5 demonstrated that the best overall 
mechanical properties of a bamboo/PLA fibre bio-composites was achieved when 
the weight ratio between bamboo and PLA fibre was 50/50 wt%. Therefore this 
particular fibre weight ratio was selected to conduct the next stage of our 
investigation on improving the interfacial adhesion using amphiphilic block 
copolymers. In addition to that it will also be demonstrated that the mechanical 
properties of the UD bamboo/PLA film bio-composites were found to be optimised 
using the biggest amphiphilic block copolymer (30000g/mol) at a concentration of 
1 wt% to fibre mass. This particular amphiphilic block copolymer was therefore 
used for the surface coating of the bamboo fibre dedicated to make the non-woven.  
A scale-up of the methodology described in “Surface coating of bamboo 
fibre for UD bio-composites” was used to coat larger volume of bamboo fibres. 
1.15g heavier molecular weight amphiphilic block copolymer (30000g/mol) was 
dispersed in 450 mL of acetone under magnetic stirring for 1h. Then 450 mL of DI 
water was added to the solution and sonicated for an extra 2h to break down the 
size of the crystalline dispersion as described by Magniez et al. [21, 174, 176]. The 
aforementioned volume of acetone and DI water was determined based on the 
volume needed to surface coat the fibre ribbons for UD bio-composite as explained 
in part “Surface coating of bamboo fibre for UD bio-composite” of this Chapter. 
The coating was carried out using a Rapid laboratory dyeing machine 
(Labortex, Taiwan; Fig. 3.4a) for 10 min at room temperature. 8 batches of ~14.4g 
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of fibres were placed into containers with ~112.5 mL of the stock solution (total 
mass of 115 g) (Fig. 3.4b). This machine allows upscaling of the dip coating 
technique to surface coat larger volume of fibres.  
 
Fig. 3.4 a. Rapid laboratory dyeing machine used to surface coated the fibres 
prior making bio-composite; b. pot containing the fibre and solution for surface 
coating 
Once the 10 minutes treatment were finished the uptake of solvent was 
calculated for each mixture by measuring the weight absorbed by the fibres after 
removing them from the container. Then, the coated fibres were laid flat on thin 
mesh sieves and transferred into a fan-forced oven set at 45°C for 24h to dry the 
fibres. Prior compression moulding, moisture was minimised by a final drying into 
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a vacuum oven for another 24h at 45°C. It is important to remove as much moisture 
as possible, either in bamboo fibre or PLA (fibre or copolymer) to avoid the 
hydrolysis of PLA which initiate its degradation [153]. Such degradation is 
detrimental to the final mechanical properties of the bio-composite. Finally the 
amphiphilic block copolymer was fixed on the surface of the dry bamboo fibre 
using an oven at 120⁰C for 2 minutes prior manufacturing the composites. 
 
3.3. Part 3 – Bio-Composites manufacturing 
 
This part collates the manufacturing of single fibre fragmentation samples, 
the manufacturing of the UD bio-composites and the bio-composites from non-
woven mats.  
Manufacturing of UD composites 
 
The dry coated ribbons of bamboo fibres were stacked in a mould with PLA 
film (Fig. 3.5). The mould was covered with PTFE film in order to facilitate the 
removal of the bio-composites after consolidation. Then, the mould was transferred 
into a hot press at 185°C and up to 50 PSI in order to melt the PLA and make the 
bio-composite (Fig. 3.6 Step 1 to 3). This was followed by a cooling down process 
at room temperature (RT) at 25 PSI in a separate press (Fig. 3.6 Step 4). Directly 
after being removed from the hot press and debagged, the bio-composites were 
annealed in an oven at 120°C for 30 minutes (Fig. 3.7) [21]. As supported by the 
graph from the DSC (Fig. A.9.1), the annealing process increased the crystallinity 
of PLA from 13% crystallinity before annealing to 23% after annealing. The 
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thickness of the manufactured bio-composites was about 2.5 mm to comply with 
the ASTM standard (D790-84a) specifically for composite laminates with thickness 
between 1.6 to 3.2 mm. All samples were then cut using a vertical bandsaw (Herless 
Machinery Corp. Australia) on size to conduct dynamic mechanical analysis 
(DMA) using dual cantilever and 3 point bending test based on the standard ASTM 
D790-84a.
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Fig. 3.5 Schematic of the layer up methodology used to fabricate the UD bamboo/PLA bio-composite (PTFE film not showed); a) the stacking 
order of PLA film (red colour) and bamboo unidirectional ribbon (grey colour) into the stainless steel mould (black); b) front view of the mould 
once close after stacking; c) side view of the mould once closed – all dimensions are in millimetre. 
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Fig. 3.6 Manufacturing steps used to make bamboo/PLA UD bio-composites. 
 
  
Fig. 3.7 Photograph of a UD bio-composite showing the location of the test samples.
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Manufacturing of randomly oriented non-woven based bio-
composite. 
 
The manufacturing of the bio-composite involves two major processes. The 
first step concerns the manufacturing of non-woven mats using a drylaid process. 
The second step concerns the consolidation of the previously made mats using a 
compression moulding process under high temperature and pressure. The 
introduction of different bamboo fibre content or surface coated fibre was always 
done at the beginning of the first step.  
 
Processing of Bamboo/PLA non-woven using drylaid process    
 
  Bamboo/PLA non-woven were manufactured using a simple and well 
known drylaid carding process. For this work, we used a MESDAN Lab carding 
machine (Fig. 3.8b). Prior the carding both the bamboo and polylactide acid fibres 
were hand opened to produce a matt of 3 alternating layers (polymer fibres/bamboo 
fibres/ polymer fibres) which was used to feed the carde (Fig. 3.8a). This feeding 
method is typically used to optimise the fibres homogeneity during carding. Webs 
of approximate 160 gsm were produced using this method. The webs were 
subsequently stacked into a total of 12 layers (12 x 160 gsm) and needle punched 
on both side at 20 punch/cm2 on a Fiber Locker (James Hunter, USA) equipped 
with needle board having 1000 needles (1 needle/cm2) Groz-Beckert (Groz-
Beckert, Germany) (Fig. 3.8c). After needle punching, the produced non-woven 
webs were between 1800 and 2000 gsm.
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Fig. 3.8 a. Bamboo and PLA fibres used to make a feeding mat; b. Carding machine and the web produced; c. the needle punching machine and 
the resulting needle punched web
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During this process the needles locally push the fibres through the Z 
direction, providing the webs with added mechanical cohesion. The fibres 
orientation in the final webs was mainly parallel to the machine direction [177]. 
The needle punched webs were cut (120 x 120mm2), and dried in a vacuum oven 
at 75°C for 24h in order to remove any moisture prior to being processed into 
composites.  
 
Manufacturing of bamboo/PLA bio-composites using 
compression moulding process 
 
The needle punched webs were individually placed into stainless steel 
square moulds 120 x 120 mm2 (Fig 3.10a) covered with a PTFE films. The mould 
assembly was vacuum bagged at 85 kPa for hot compression moulding using a 10 
ton hydraulic press (Fig. 3.10b). The hot compression vacuum moulding of the 
composite was realised in three steps using a constant temperature of 185°C. 
During the first 5 minutes, the mould assembly was left inside the press without 
applying any pressure (Fig. 3.9 Step 1). Following this step the pressure was applied 
and raised to 2.5 ton for 5 minutes, then 4.5 ton for 5 minutes (Fig. 3.9 Step 2 & 3). 
Then, the composites were de-bagged and transferred directly into an oven for post 
curing at 120°C for 30 minutes in order to maximise the crystallinity of the PLA. 
The final bio-composites were 120 x 120 mm2 in size with a thickness of 2.2 mm 
± 0.4mm (Fig. 3.10c).  
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Fig. 3.9 Manufacturing steps used to make bamboo/PLA UD bio-composites. 
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Fig. 3.9 Hot compression moulding; a) non-woven is placed into a mould; b) the mould is pressed under pressure into a hot press; c) bio-
composite after compression moulding. 
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Panel cutting for testing 
 
The test specimen for flexural, tensile, impact and DMA testing were cut in 
the machine direction using water jet cutting (Fig. 3.11b) The size of each test 
specimen was determined following the respective ASTM requirement and a 
cutting diagram was produced accordingly using the software Solidworks (Fig. 
3.11a).  
 
 
Fig. 3.10 a) Cutting diagram b) bio-composites after water jet cutting. All 
samples for mechanical test are visible. 
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3.4. Part 4 – Characterisation Method 
 
This part describes the methodology used to characterise the fibres and bio-
composites including the analysis of the surface coating of bamboo fibre after 
surface treatment. 
 
Fibre Characterisation  
 
The cross-section images of bamboo fibres along the longitudinal direction 
were obtained by transmission optical microscope using an Olympus BS51 at 50 
times of magnification. 
The density of the fibres was analysed with an Ultrapyc 1200e pycnometer 
(Quantachrome, USA). Three samples of 2 g of dried natural fibres were run 30 
times under a helium environment at 23°C and 19 psi separately to calculate the 
density of the fibre.  
To measure the fibre length, 100 single fibres were laid straight on a black 
velvet mat and measured using a ruler with resolution of 0.5 mm. 
The linear density, tenacity and Young’s modulus of bamboo, flax and 
hemp fibres were determined using a FAVIMAT testing machine (Textechno, 
Germany) using a 30 mm gauge length, a testing speed of 2 mm·min-1 and a pre-
load of 1.5 cN·Tex-1. An average of 100 fibres were tested. The density and the 
linear density were used to approximate the fibre diameter using the following 
equation:  
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𝐷(𝜇𝑚) = 10 ∗ √
4
𝜋
∗  
𝑇(𝑑𝑇𝑒𝑥)
𝜌(
𝑔
𝑐𝑚3
)
 (1) 
where ρ is the fibre density and T is the linear density of each fibre. The distribution 
of the mechanical properties of the fibres was obtained by Weibull analysis of the 
FAVIMAT test results. The model is based on a simplified “weakest link model” 
(Equation 2) described by Zafeiropoulos et al. [178]:  
 
𝑃 = 1 − exp (−𝐿 (
𝜎
𝜎0
)
𝑚
) (2) 
This model is used to describe the failure probability of a fibre of length L, 
to an applied stress, σ. The shape parameter or Weibull modulus, is described by m 
and σ0 is the characteristic strength. These parameters were estimated through 
linear regression analysis (graphical method) by replotting the Equation (2) as 
follows [178]:  
 
𝐿𝑛 (𝐿𝑛 (
1
1 − 𝑃
)) = 𝑚𝐿𝑛(𝜎) − 𝑚𝐿𝑛(𝜎0) + 𝐿𝑛(𝐿) (3) 
The plot of Ln(σ) versus 𝐿𝑛 (𝐿𝑛 (
1
1−𝑃
)) form a straight line where the slope 
is the shape parameter, m, and the intercept is the characteristic strength, σ0 [178]. 
P is called the probability index, and is defined by Andersons et al. [179] as: 
 
𝑃 =
𝑖 − 0.3
𝑛 + 0.4
 (4) 
where i is the ith ascending modulus values and n is the size of the population tested. 
As a result, the shape parameter, m, gives qualitative information on the distribution 
of the tensile strength of the tested fibres. 
The chemical composition of the fibres was determined using the GB 5889-
86 standard which is routinely used for chemical characterization of ligno-
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cellulosic fibres. The test involved a series of chemical digestions aimed at 
selectively removing chemical components of the fibre. The full experimental 
procedure is provided in the Fig. 3.12. The digestion was conducted on two groups 
of four fibre samples. Variation between batches was found to be very low with a 
standard deviation <1.5 %. 
 
Fig. 3.11 Extraction process of bamboo compound according to the 
GB5889-86 test standard. 
The micro-fibril angle of a single elementary bamboo fibre was determined 
using the small angle x-ray scattering (SAXS) beamline at the Australian 
Synchrotron (Melbourne, Australia). The synchrotron provide a much smaller 
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beam (250 × 150 µm) and much better sensor than a XRD source, allowing the 
measurement of a single fibre instead of a bundle resulting in much better images 
and less noise. Single bamboo fibres were mounted on a fibre holder perpendicular 
to the x-ray beam as illustrated in Fig. 3.13.  
 
Fig. 3.12 SAXS configuration for measuring the micro-fibril angle. 
 
The x-ray beam size was 250 × 150 µm, the wavelength of the incident x-
ray was 0.620 Å and the camera was positioned at 958 mm from the sample. The 
azimuthal intensity profile was extracted from the image collected by the SAXS 
data, using the software FIT2D and after defining the measurement geometry, i.e. 
beam centre position, wavelength and pixel size [180]. The micro-fibril angle was 
calculated from the full width of the peaks at half maximum (FWHM), Т, in the 
azimuthal intensity profile (Equation 5) according to the theory developed by Jacob 
et al., which has been widely used to characterize wood fibres and ligno-cellulosic 
fibres [181-183]. 
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𝑀𝐹𝐴 =
𝑇
2
 (5) 
 
With T, being the full width of the peak at half maximum, called FWHM. 
The crystallinity of the bamboo fibres was determined by x-ray diffraction. 
Although this technique presents a number of shortcomings if the specific 
contributions of the triclinic (Iα) and monoclinic (Iβ) crystal phases of the cellulose 
need to be deconvoluted from the overall diffraction pattern [183]. Hence, a valid 
simplification may be performed by considering the bamboo cellulosic material in 
a monoclinic phase (Iβ) [183, 184]. 
To scan the fibre by X-ray, a short length (5 cm) of a bamboo sleeve was 
gently stretched, without torsion, to align the fibres. The flat section of the aligned 
bamboo fibres was stuck onto a low noise sample holder using double sided Kapton 
tape to limit noise and background. The fibres were then scanned perpendicularly 
to their axis direction using a PANalytical x-ray spectrometer with a copper x-ray 
source of wavelength λ=1.542 Å, between 5–50° of 2θ with a 0.05° step and 2 
seconds scan time. The crystallinity and the crystallite size were calculated and 
compared to the structure of native tunicate cellulose previously published by  
Nishiyama et al. [185]. The various contributions to the XRD patterns were first 
calculated using the Rietveld approach to quantitative phase analysis using the 
software Maud [186]. The profile fitting was performed using three main strain/size 
broadened crystalline peaks corresponding to the (1-10), (110) and (200) lattice 
planes for a monoclinic cellulose Iβ and the “crystal information file (.cif)” of 
native tunicate cellulose was generated from previous published work by 
Nishiyama et al. [185]. The APPENDIX 2 reports the list of refinement used (Table 
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A.10.1), the plot of the fitting (Fig. A.10.1) and the results (Table 4.2) obtained after 
the computation of a sequence of four refinements on MAUD software. The 
computed data were further processed on the software Origin Pro for better clarity 
of the graph (Fig. 3.14). The amorphous peak was broadened using series of 
refinements to minimize the residual error (Fig. 3.14). The crystallite size of 
bamboo fibre calculated by the Rietveld method was compared to the one 
calculated by a deconvolution method, performed on the software Origin Pro using 
a Voigt function on the (1-10), (110) and (200) lattice plane peaks (Fig. A.10.2). 
The FWHM of this fitted function, called β, was used to calculate the crystallite 
size of bamboo according to the equation described by Scherrer and previously 
used for such cellulosic systems [184]: 
 
𝛽 =
𝑘𝜆
𝜏 𝑐𝑜𝑠 𝜃
 (6) 
where τ is the crystallite size, λ is the wavelength of the x-ray source (1.542 Å) and 
k is the shape factor (a value of 1 was taken from the literature) [184]. 
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Fig. 3.13 Peak fitting of the experimental pattern of bamboo fibres using 
X-ray diffraction. 
The inner-microstructural characterisation of the fibres was examined using 
an FEI Quanta 30 dual beam focused ion beam/scanning electron beam (FIB/SEM) 
with a Ga ion source. The SEM was conducted at 5 keV, 3.1 nA and a working 
distance of 10 mm. The sample was tilted by 52° to the electron beam allowing 
direct observation of the future section made with the FIB. The working distance 
of the FIB was set as 19 mm and a high voltage of 30 keV was employed for all 
stages of the process. The current was adjusted accordingly at individual steps in 
the process. A single bamboo fibre was mounted on a SEM stub by suspending it 
between two pieces of carbon tape (Figs. A.10.3a & A.10.4a) to minimize the re-
deposition on the section during the later steps of cutting and milling. The fibre was 
then gold coated (10 nm thick) using a LEICA EM ACE600 to improve the quality 
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of the imaging. An initial rough cutting process (1 nA) was necessary to expose the 
cross section of the fibre (Figs. A.10.3b, A.10.3c & A.10.4b). Unfortunately, the 
cutting avoidably damaged the fibre surface, affecting the inner structure which 
consequently could not be observed (Figs. A.10.3d & A.10.4c). In order to prevent 
damage from the subsequent step, an extra coating of platinum (1 µm thick) was 
applied in-situ on a small area of the fibre. The coating act as a shield to protect the 
surface and inner-structure from the FIB damage (Figs. A.10.3e & A.10.3f). A 
series of fine milling steps were carried out at low currents varying from 0.5 nA to 
30 pA by milling small slice of the fibre to optimize the surface quality and 
minimize the damage (Figs. A.10.3f, A.10.4e & A.10.4f). Also, due to the fibre 
diameter, a certain aspect ratio (~ 10/1) had to be maintained to run the millings 
and optimize the surface quality of the axial or cross section. 
The Brunauer–Emmett–Teller (BET) specific surface areas of the samples 
were measured on an Inverse Gas Chromatography (IGC) Surface Energy Analyzer 
(Surface Measurement Systems, Alperton, Middlesex, UK) by injecting a n-octane 
probe with different concentrations at 30°C and a flow rate of 10 mL· min-1, 
subsequently calculated from the corresponding octane isotherms, within the partial 
pressure range of 5 to 35 % P/P0 (partial pressure/initial pressure). Approximately 
1 g of bamboo fibre sample was packed into 300 mm long, 4 mm wide in diameter, 
silanized glass columns. The samples were conditioned in situ by heating for two 
hours at 120°C and 0 % RH with an 8 SCCM (standard cubic centimetres per 
minute) total flow rate of helium carrier gas. 
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Surface coating analysis. 
 
The presence of PEG-PLA block copolymer on the surface of bamboo fibre 
was determined by spectroscopy using a Vertex Infrared Spectrometer (Bruker 
Optics Inc., Germany) in the attenuated total reflectance (ATR) mode and equipped 
with a germanium crystal (Pike Technologies, USA). A total of 64 scans were 
obtained directly onto either the fibre or the powder from 4000 cm-1 to 600 cm-1 
at a resolution of 4 cm-1 and the background was first measured with air. A small 
amount of powder of each copolymer was measured showing common peak to both 
copolymer at 1750 cm-1 with high intensity (Fig. 6.3). Each ribbon of neat or coated 
fibres was scanned by placing then on the crystal with controlled pressure using the 
high-pressure clamp (Fig. 3.15). 
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Fig. 3.14 Fibre set up for measurement on the FTIR spectrophotometer 
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The changes in hydrophobicity of bamboo fibre before and after coating 
was characterised by contact angle (Fig. 3.16). Since the conventional contact angle 
equipment available at Deakin University is not suitable to conduct the 
measurement of contact angle on a single fibre, a technique described elsewhere in 
the literature was adopted [176].  
 
 
Fig. 3.15 Contact angle set up. 
 
To prepare the sample for contact angle, approximately 80 mg of fibre were 
pressed into a flat disc of 13 mm diameter and ~ 0.50 mm thick using a KBR press 
(Fig. 3.17a) and mould (Fig. 3.17b) with 7 tons of pressure for 10 minutes (Fig. 
3.17c).  
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Fig. 3.16 a. Set up to make the disc for contact angle measurement; b. KBR dye 
used; c. the flat disc of bamboo fibre after being pressed under vacuum. 
 
The disks were then placed on a microscope slide below the tip of the needle 
of the contact angle testing instrument (Attension Theta Optical Tensiometer, KSV 
Instrument, Finland).  The software allows for the measurement of the angle of the 
droplet at the surface of the disk. For all samples the angle was measured 0.5 sec 
after deposition of a droplet onto the disk. 
Single fibres with and without copolymer coating were used to conduct the single 
fibre fragmentation test. Up to 3 single fibres of approximate length of 120 - 130 
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mm were placed between two layers of PLA (50 x 110 mm) film under low tension 
in order to maintain the fibre straight during the processing (Fig. 3.18a). The films 
were pressed under vacuum at 185°C with 1.5 bar of pressure (Fig. 3.18b) for 2 
min. After the hot pressing, each embedded single fibre was cut into a dog bone 
shape Type IV as per ASTM-D638 standard.  
 
  
Fig. 3.17 a. fibres maintained between two layers of PLA film prior hot 
compression moulding; b. post hot compression moulding 
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Characterisation of bio-composites 
 
To evaluate the homogeneity of the bamboo fibre distribution in the bio-
composites, a bio-composite off-cut was mounted in epoxy stubs and finely 
polished to a 1µm surface finish using a RotoPol 21 polishing unit. The cross-
sectional images were attained on an Olympus BS51 microscope with Olympus 
DP71 camera in reflection mode at 50 times magnification.   
All samples were conditioned in the laboratory at 20 ± 2 °C and 65 ± 2% 
relative humidity for 48 h prior to the tests.  
The tensile strength and Young’s modulus were determined as per ASTM 
D638-10 type IV with using a sample shape of a dog’s bone. The tensile tests was 
conducted on an Instron 1kN type 5967 at 2 mm/min and 10N preload at 1 mm/min.   
The three point bending tests were conducted on an Instron 2 kN type 5567 
at 2 mm/min and a preload of 5 N at 1 mm/min. The flexural strength and flexural 
modulus were determined using the 3 points bending method as per ASTM D790-
84a with a span length of 16 times the thickness and 12.7 mm width.  
The impact strength was determined using a JC-50 Digital display 
Pendulum Impact Testing Machine from Time Group following the ASTM D4812 
test method. The impact strength was measured with a 7.5 J pendulum, a torque of 
3.8667 Nm, a speed of 3.8 m/s and an angle of 160°.  
The Dynamic Mechanical Analysis (DMA Q800, TA Instrument), 
characterises the response of the bio-composites under small deformation, 0.05% 
strain at a frequency of 1 Hz using a ramp of temperature from -20°C to 120°C with 
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a heating rate of 3°C/min. To conduct this characterisation, the dual cantilever mode 
was used, means the sample is clamped on each end to avoid any movement while 
the strain is applied in the middle of the beam. This setting is comparable to a three 
point bending test with thermo-dynamical aspect. As a result, the DMA measured 
the storage modulus, the tan delta (tan δ) as a function of temperature from which 
the glass temperature (Tg) of each composites can be determined. The samples 
dimension was 60 x 10 x 2.5 mm and prior the tests, the machine was calibrated to 
meet the optimum requirement of clamp position and compliance.  
The fractured surfaces of the bio-composites after the tensile failure and 
impact test were imaged on a scanning electron microscopy (SEM), Jeol JSM 5000 
(Jeol, Japan) at 10 keV. Prior imaging, the samples were gold coated (15 nm thick) 
using a LEICA EM ACE600 (Leica, Germany). 
The theoretical density of bio-composite was calculated under the 
hypothesis that there is no voids, using the density and mass ratio of each compound 
as follow: 
 𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = (𝜌𝑓𝑖𝑏𝑟𝑒  ×  𝑚𝑟𝑎𝑡𝑖𝑜 𝑓𝑖𝑏𝑟𝑒 + 𝜌𝑚𝑎𝑡𝑟𝑖𝑥 × 𝑚𝑚𝑎𝑡𝑟𝑖𝑥)  × 100 (7) 
 
Where ρ is the density and  𝑚 the mass ratio of the compound. 
The experimental density of bio-composites was investigated using a scale 
METTLER TOLEDO XSE Analytical Balance (METTLER TOLEDO, 
Switzerland). The scale gives the weight of the each sample from which the volume 
is known. Thus, allow to calculate the real density of each sample using the 
following equation: 
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 𝜌𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑚𝑒𝑛𝑡𝑎𝑙 =  
𝑚𝑠𝑎𝑚𝑝𝑙𝑒
𝑉𝑠𝑎𝑚𝑝𝑙𝑒
 
(8) 
 
Where, ρ is the density, m is the mass of the sample and V is the volume. 
Finally the voids was calculated as follow: 
 𝑉𝑜𝑖𝑑𝑠 (%) = (1 − 
𝜌𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
𝜌𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
) × 100  (9) 
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4. Chapter 4: Structure - Property Relationships of 
Elementary Bamboo Fibres 
 
4.1. Introduction 
 
The aim of this study is to use new commercially available elementary 
bamboo fibre to reinforce bio-composites. The first logical step of this study was 
to characterise the mechanical and physico-chemical properties as well as the 
morphology of this new fibre. In this Chapter, the structure-property relationships 
of elementary bamboo fibres will be extensively investigated.  
 
4.2. Methodology 
 
The methodology uses for the characterisation is discussed in Chapter 3, 
“Part 1 – Materials” and “Part 4 – Characterisation Method” – section “Fibre 
characterisation”. 
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4.3. Results and Discussions 
 
Morphology and mechanical property of the elementary 
bamboo fibres 
 
Since regenerated bamboo fibre is known to be sold as natural bamboo fibre, 
some concerns were raised during this project regarding the authenticity of natural 
bamboo fibres. Optical microscopy images of the surfaces of the fibres revealed the 
presence of lengthwise stripes, probably caused by the mechanical process used to 
extract the fibres from the bamboo plant (Fig. 4.1). As bamboo fibres were 
extracted from natural source rather than being regenerated, they show 
inhomogeneity in fibre diameter coupled with the presence of small fibrils and 
kinks on the surface. 
 
Fig. 4.1 Lengthwise image of a bamboo fibre (20 times magnification) 
showing a spiral or kinks (a) due to micro-compression, fibrils (b) and a random 
torsion (c). 
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The linear density of the fibres, determined from FAVIMAT vibroscopy 
data, was found to be 7.3 +/- 3.4 dTex which is in line with the fineness of textile 
fibre, between 1 and 30 dTex [30]. The length distribution of the fibres was found 
to be rather broad, which was between 54 mm and 260 mm with an average value 
of 126 mm (Fig. 4.2).  
 
Fig. 4.2 Length distribution of bamboo fibres 
 
Using a density of ≈ 1.488 g·cm-3 ± 0.05 % measured on a pycnometer, the 
fibre diameter estimated from Equation 3.1 is approximately ≈ 24.68± 4.3 µm, 
which correlates well with previously published data ranging from 10 to 40 µm 
(Mwaikambo 2006). The load-extension curves were converted into stress-strain 
curves using the estimated fibre diameter. The tensile properties of bamboo fibres 
were also compared with flax and hemp fibres (known for their high strength) using 
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the same test method. The range of tensile values obtained here (Table 4.1) are 
similar to what has been reported in literature [55, 87, 187, 188]. The results showed 
that the bamboo fibres outperformed flax and hemp fibres in all tested parameters. 
The variation in properties of natural fibres is well known based on source and 
growing conditions. Considering that the same testing conditions were maintained 
for each fibre, it can be concluded that bamboo fibre will probably provide better 
mechanical property than the other tested fibres if used for same application. 
Table 4.1 Tensile properties of bamboo, flax and hemp fibres. 
Natural Fibre 
Elongation 
(%) 
Young’s 
Modulus  (GPa) 
Tensile Strength  
(MPa) 
Shape 
Parameter 
m 
Scale 
Parameter 
σ0 
Bamboo 1.721 ± 0.54 28.04 ± 4.08 474 ± 139 3.847 524.913 
Flax 1.6 ± 0.95 25.6 ± 7.37 382 ± 155 2.728 332.711 
Hemp 1.771 ± 0.8 24.33 ± 8.8 411 ± 200 2.189 464.98 
 
Primarily, the tensile strength values display a lower standard deviation 
for bamboo fibres indicating less discrepancy among fibres. Then the tensile 
strength data collected for each type of tested fibres were analysed statistically 
using the Weibull method (Fig. 4.3). The scale parameter, σ0, is described as 
characteristic stress or predicted strength of the fibre [189, 190]. For each fibre, 
the predicted stress or strength is in line with the measured strength with 
respect to the standard deviation. The shape parameter, m, (Table 4.1) is above 
1 indicating that the frequency of distribution of defects was low and more 
evenly distributed in each fibre. Bamboo fibre displayed the highest shape 
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parameter (m=3.84), indicating that the defects throughout the fibres were 
more evenly distributed compared to flax or hemp fibres (Fig. 4.3). Finally, 
the shape parameter shows that the tensile strength of bamboo Finally, the 
shape parameter shows that the tensile strength of bamboo fibres is more 
homogenous than flax or hemp which is interesting from a composite 
perspective to avoid weak points due to heterogeneous fibre structure [189]. 
The shape parameter values are in line with literature [178, 179, 191]. 
 
 
Fig. 4.3 Weibull probability plot of bamboo, flax and hemp fibres 
 
Microstructure and physico-chemical properties of 
elementary bamboo fibre. 
 
In terms of internal microstructural organization, bamboo fibres present a 
complex structure made of multiple ligno-cellulosic layers typically divided by 
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several cell walls, including a primary cell wall and up to eighteen secondary sub-
walls which provide strength and flexibility [32, 35, 192]. These cell walls are made 
from long crystalline micro-fibrils bonded together by hemicellulose and lignin 
(like a composite structure) and oriented along the fibre axis with a certain angle, 
referred to as the micro-fibril angle (MFA) (Fig.4.4) [193]. The secondary cell 
walls are composed of an alternation of broad cell walls with low micro-fibril 
angles (2-20°) and narrow cell walls with high transverse micro-fibril angles (85-
90°), providing the fibre with strength and flexibility, respectively  [35, 194, 195]. 
It is now widely accepted that the cellulose content, crystalline cellulose content 
and the micro-fibril angle of a range of natural ligno-cellulosic fibres are correlated 
to their high tensile properties [34, 36, 196]). The next set of collective data 
presented below, highlight some of the relationships between these parameters. 
 
Fig. 4.4 Schematic representation of a bamboo culm, technical fibres and 
elementary fibre. The multi layered structure of an elementary fibre is shown. 
 
 The qualitative infra-red spectrum of the bamboo fibre presented is Fig. 
4.5, reveals the characteristic peaks of cellulose (1050 cm-1), lignin (between 1240 
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and 1750 cm-1) and hemicellulose, typical of a ligno-cellulosic fibre fingerprint 
[197].  
 
Fig. 4.5 FTIR on bamboo fibres as received 
 
Further investigation was conducted to quantitatively measure the content 
of each component in the fibre with a digestion method (Fig. 4.6). As expected, the 
fibres were found to be primarily constituted of cellulose (~ 75 wt%) followed by 
a much smaller fraction of lignin and hemicellulose (~ 10 wt% and ~ 8 wt%, 
respectively). These results are in agreement with previous literature on the 
composition of bamboo fibres [21, 198].  
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Fig. 4.6 Chemical composition of bamboo fibre after selective chemical digestion. 
 
As previously mentioned, the inner structure of bamboo fibre possesses a 
number of multi-layered cell walls containing crystalline cellulosic micro-fibrils 
with certain orientation and length. The micro-fibril angle (MFA) was measured 
using SAXS at the Australian Synchrotron on a single elementary bamboo fibre 
with the scattered intensity in the azimuthal direction (Fig. 4.7). The image 
resulting from the SAXS scan (Fig. 4.7a) shows the fibre scattering the signal and 
creating a sharp ellipse radially oriented to the fibre axis. In this set-up, the average 
micro-fibril angle was calculated, using Equation 3.5, and found to be 6.47° ± 0.58° 
(Fig. 4.7b) which is consistent with the low MFA values (< 10°) reported by the 
literature for bamboo, flax and hemp fibres [34, 38, 196]. These values are on 
average slightly lower than those reported for other cellulosic fibres such as flax or 
ramie and typically yield to higher packing densities and slightly denser fibres [30, 
183, 199]. 
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Fig. 4.7 a. SAXS pattern of an elementary bamboo fibre; b. Resulting 
Azimuthal angle integrated between -15 and 245°. 
 
The x-ray diffraction pattern of bamboo fibres shown in Figs. 3.14 & A.10.2 
presents three characteristic peaks. The first one corresponded to the (200) lattice 
plane of the crystalline cellulose Iβ at 2θ = 22.67° while the two other broader peaks 
at 2θ = 14.97° and 16.47° are related to the (11̅0) and (110) lattice planes of 
cellulose Iβ, respectively in line with reported study from the literature [183, 200].  
The Rietveld method was employed to separate the various crystalline and 
amorphous components across the diffraction pattern (Figs. 3.14 & A.10.2 and 
Tables 4.2 & A.10.1). The crystallinity index of the cellulose Iβ found here, 88.22%, 
is in the upper range of previously reported data [29]. According to Newman et al., 
the crystallite size is better estimated using the (200) lattice plane as the 
82 | P a g e  
 
corresponding peak is sharper and the most clearly resolved [201]. The crystallite 
size for the (200) lattice plane, calculated from the Rietveld approximation, was 
estimated to be around 9.11 nm (Table 4.2) which is larger than the data reported 
for most ligno-cellulosic fibres but in line with some data reported by Garvey et al., 
7.5 nm, on filter paper made of treated cotton fibre with 98% of monoclinic 
cellulose Iβ [184, 202-205]. The deconvolution method (Fig. A.10.2) was used to 
extract the full width at half the height, β, and the position, 2θ from the diffraction 
data to perform the calculation of the crystallite size of cellulose Iβ using the 
Scherrer equation (Equation 3.6) yielded a crystallite size of 7.42 nm, which is 
lower than the one obtained from the Rietveld method (Table 4.2).  
Table 4.2 Position and FWHM of the (200) lattice plane. 
 Rietveld Scherrer 
Lattice plane (200) (+/-0.05) (200) (+/-0.05) 
2θmax 22.7 22.7 
β - 1.21344 
τ (Å) 91.12 74.26 
 
This discrepancy is statistically small, given the typically large distribution 
of values previously reported for lignocellulosic materials and arises from 
differences in the models hypothesis and approximations. The crystallite size 
estimated using Origin is similar to that obtained by another study on bamboo 
fibres, at 7.1 nm [183]. The larger crystallite size of ligno-cellulosic fibres was 
previously related to the ratio of amorphous to crystalline domains across the 
material [199].  The larger values of crystallite sizes obtained here for the bamboo 
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fibres, compared to other lingo-cellulosic materials (Table 4.3), are in line with 
previously reported literature on bamboo fibre [30, 183] and therefore suggest a 
more ordered cellulosic structure. This effect could be attributed to the combination 
of high crystallinity index and low micro-fibril angles for the bamboo fibres thus 
leading to higher micro-fibril packing densities. 
Table 4.3 Comparison between the crystallite size of bamboo, flax and 
ramie and their respective crystallinity index and microfibril angle based on 
literature and results of the analysis conducted on the as-received bamboo. 
Fibre 
Crystallite size 
(nm) 
Crystallinity Index 
(%) 
Micro-fibril angle 
(°) 
Source 
Bamboo 7.1 87.8 2-10 [38, 183] 
Flax 5.4 80.8 5-10 [30, 183] 
Ramie 3.31-6.3 34-80 7.5-12 [183, 199] 
Bamboo as 
received in this 
study 
7.42 – 9.11 88.22 6.47 ± 0.58 - 
 
The collective set of x-ray data presented above confirmed that, as theorized 
elsewhere [30, 34], the high cellulose content, ~ 75 %, and crystallinity, 88.22%, 
coupled with a low microfibril angle, 6.47° are most likely responsible for the high 
tensile properties displayed by the fibres. 
 Following that, I aimed to get a deeper understanding of the inner 
microstructural organization of the fibres using a Focused Ion Beam fitted on a 
Scanning Electron Microscope. This methodology has been rarely used to 
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simultaneously image and mill axial and cross section on fibres, despite being 
quite suitable for fibrous and yarn materials [206]. After axial milling, the inner 
microstructure of the bamboo fibre was revealed both axially and cross-
sectionally (Fig. 4.8). The lumen is at the core of the fibre, surrounded by cell 
walls, which consists of a highly porous inner-structure organized as a network 
of cavities (Figs. 4.8a & 4.8b). The ion milling was optimised (Fig. A.10.3 & 
A.10.4) to mill the part of the fibre further away from the ion beam to minimise 
the damage (Fig 4.8a) and reveal the macro-pores across the fibre (Fig 4.8a). This 
section displays a regular and organized network of cavities between the lumen 
and the surface of the fibre, which was described by Yao et al. as “ring netted 
structure” [59]. The pore size of the cavities was measured from both axial and 
cross sectional images (Fig. 4.8b) and was found to be between ~ 50 nm to ~ 3 
µm (Figs. 4.8a & 4.8b). It is worth noting that the cavities are not due to beam 
damage, which appeared differently across the samples as vertical straight strikes 
throughout the fibre largely blocking any cavities that are visible. The highly 
porous microstructure revealed thus shows a surface area potentially larger than 
other natural fibres such as coir fibres which could open the way to a new range 
of applications [207-209]. The porous morphology is further reflected in BET 
data presented in the next section. The porosity however is not reflected in the 
density data presumably due to its higher crystallinity. 
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Fig. 4.8 Axial-section (a) and cross-section (b) image of a bamboo fibre 
revealing the inner microstructure including cavities and lumen after FIB milling. 
 
The BET surface area data, complemented well the SEM observation of a 
highly porous inner structure. BET is based on the physical adsorption of a vapour 
or gas onto the surface of a solid. Traditionally, sorption studies are carried out at 
low temperatures so as to obtain nitrogen isotherms at -196ºC, which can then be 
used to calculate BET surface areas [210, 211]. However, the behaviour of 
materials is known to vary with temperature; hence measurements at ambient 
temperatures are more relevant and realistic to reflect the surface area of materials 
used in ambient conditions. IGC has been demonstrated in literature as a convenient 
technique to determine isotherms at finite concentration and ambient temperatures, 
using organic probe molecules [212, 213]. Here, the calculated BET of the bamboo 
fibres was found to be 2.41 m2 g-1 (Fig. 4.9), which is higher than the BET of other 
porous ligno-cellulosic fibres such as jute or sisal (~ 1.6 - 2 m2 g-1) reported by 
Cordeiro et al. using the same test method [214]. This sparsity in BET data between 
ligno-cellulosic fibres could possibly be attributed to morphological differences 
including variations in inner microstructure and pore distribution. Most of other 
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literature available on BET of natural fibres focusses on nitrogen adsorption 
methodology or the BET approach, reporting a largely inconsistent range of data 
varying from 0.31 to 1.63 m2 g-1 for similar types of unmodified natural fibres [215-
217]. 
 
 
Fig. 4.9 BET surface area of bamboo fibres by Inverse Gas 
Chromatography. 
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4.4. Conclusion 
 
The collective results of this study suggest that the elementary bamboo 
fibres are good candidates to successfully reinforce high performance bio-
composites. They possess all the necessary features including high mechanical 
performance, high cellulose content, high crystallinity index, large crystallite size 
and low microfibril angle. The same features have been reported in the literature 
for other high performance ligno-cellulosic fibres including, flax, hemp, jute or 
kenaf just to mention the most commonly used [30, 34].   
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5. Chapter 5: Structure-property relationships of bamboo 
fibre reinforced polylactic acid bio-composites. 
 
5.1. Introduction 
 
In this study we will investigate the mechanical reinforcement of a 
polylactic acid bio-polymer with the elementary bamboo fibres studied in the 
previous Chapter 3. It has been speculated that the fibres possess all the attributed 
necessary to make a good candidate for mechanical reinforcement of polymers. 
This Chapter is dedicated to verifying this hypothesis. Polylactic acid or PLA 
matrix was chosen for its bio-sourced origin, biodegradable nature and 
competitiveness with polypropylene matrix in term of mechanical property. This 
chapter focuses on the development of the manufacturing process of bio-composite 
and on the optimisation of the bamboo fibre blend weight ratio in PLA bio-
composite to study their structure-property relationships.  
 
5.2. Methodology 
 
The methodology uses for the characterisation is discussed in Chapter 3, 
“Part 1 – Materials”, “Part 3 – Bio-composite manufacturing” - section 
“Manufacturing of randomly oriented non-woven based bio-composites” and “Part 
4 – Characterisation Method” – section “Characterisation of bio-composites” 
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5.3. Results and discussion 
 
It is well known that in a fibre reinforced composites, the fibre content will 
significantly affects the mechanical properties [218].  In this work, the bio-
composites were manufactured with mass ratios of bamboo fibres varying between 
30 wt% to 80 wt% in order to investigate this effect. The mechanical (flexural and 
tensile) properties, impact properties and thermos-mechanical properties of the 
corresponding bio-composites were evaluated in order to determine an optimum 
fibre ratio.  
 
Effect of fibre on the micro-morphology 
 
The spatial distribution of the bamboo fibre across all sample was analysed 
from cross-sectional images of the bio-composites containing 30, 50, 80 wt% 
bamboo (Figs. 5.1a, 5.1b, 5.1c). Clear differences can be observed between each 
sample in terms of fibres distribution and frequency. At the lowest bamboo content 
of 30 wt% the bio-composite is rich in polylactide and each bamboo fibre appears 
to be well distributed across the section and individually bonded to the matrix. As 
the bamboo fibre content increased to 50 wt% and 80 wt%, the frequency of the 
fibres increased in the cross-section, co-occurred with an increasing amount of 
fibres aggregation. It can be seen that at the highest bamboo content of 80 wt% 
bamboo content, a high amount of fibres are packed together and aggregated in 
bundles of several fibres. This also implies that locally, these fibres are not well 
bonded to the polymer.  
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Fig. 5.1 Cross section of bamboo reinforced polylactic acid bio-composite with 3 
different weigh ratio of fibre, 30% (a.), 50% (b.) and 80% (c.) respectively. Some 
fibres are shown by black circles. 
 
For structural applications, a low void content is highly desirable to avoid 
any stress concentration caused by lack of polymer and fibre agglomerate (Fig 
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5.1a), so for each bio-composite, the density was calculated. This calculated density 
can also be compared to the experimentally measured density and can be 
extrapolated to the percentage of void in each bio-composite. Table 5.1, 
summarises this data. It can be seen that the density of each type of bio-composite 
varies between 0.67 and 1.01 g/cm3 which is, at the highest fibre weight content, 
significantly lower than the predicted density. However, this trend was to be 
expected as it has been demonstrated in Chapter 4 from the SEM-FIB images 
showed that bamboo fibre inherently has a lumen which is about 5.5% of the cross-
sectional area. Thus increasing the fibre content in the bio-composite would 
inevitably increase the void content. This particular effect has been reported 
elsewhere by Oksman et al. upon investigation of sisal/epoxy composite. It was 
found that the lumen of sisal fibre does not fill with epoxy resin during the infusion 
process  [219] and as the lumen of sisal represent 15% of the cross-section, 
impacted significantly the total void content of the composite [219]. The increasing 
lack of polymer observed on Fig 5.1 is the main cause of the increasing void content 
which is detrimental for the mechanical performance of the bio-composite. Under 
mechanical stress, the voids are zones of stress concentration where the bio-
composite will suffer an early failure and the cracks will be propagated much faster 
along the material by the voids. As shown in Fig 5.1c, the bio-composite with the 
highest fibre content contains a lot of fibre agglomerates and has a lack of polymer 
resulting in a high volume content as shown by the Table 5.1. As a result, when the 
fibre content increases, an early failure or a loss of mechanical properties is 
expected to happen. 
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Table 5.1 Density and void of bio-composites according to their fibre content 
Bamboo content (wt%) 30 40 50 60 70 80 
Theoretical density (g/cm3) 1.321 1.345 1.369 1.392 1.416 1.440 
Measured density (g/cm3) 1.01 0.961 0.929 0.866 0.751 0.674 
Void (%) 23.4 28.5 32.1 37.8 46.9 53.2 
 
Mechanical Characterisation 
 
The effects of bamboo fibres content on the tensile properties of the 
resulting bio-composite with polylactide as matrix are presented in Fig. 5.2. The 
trend indicate that both the Young’s modulus and the ultimate tensile strength of 
the bio-composites steadily increased with the increasing bamboo content of up to 
50 wt%. Above this content, the properties were found to drop significantly. The 
maximum modulus and ultimate strength values measured are 3.7 GPa and 50 MPa, 
respectively. This trend has also been observed in other study, where increasing the 
flax fibre weight ratio above 60 wt% in a polypropylene matrix only served to lower 
the tensile and impact properties of the bio-composites [177]. However by 
comparing the mechanical properties of the bio-composites with pure PLA, it is 
observed that bamboo fibres do not improve the tensile strength of PLA but only 
the Young’s modulus. At content of 50% bamboo fibres reduce the tensile strength 
of pure PLA by 11% and increase the Young’s modulus by 250%. The 
improvement of the Young’s modulus shows that bamboo fibres provide a non-
negligible reinforcing effect on PLA.  
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Fig. 5.2: Effect of bamboo fibre content on tensile properties of bamboo/PLA bio-
composites 
The 3-point bending property of pure PLA follows the same trend as the 
one observed for the tensile test. The flexural strength of pure PLA is about 72 
MPa, higher than any bio-composite. However, the flexural modulus is about 2.6 
GPa which is similar to the flexural modulus of the bio-composite with 70 or 80% 
of bamboo fibres. Regarding the bio-composite, the flexural modulus was found to 
reach a maximum of 4.4 GPa at 30 wt% of bamboo content whilst the strength 
reached a maximum of 67 MPa at the same bamboo content (Fig. 5.3) before 
progressively decreasing as the bamboo content increased. At 40% bamboo 
content, the flexural modulus and flexural strength of the bio-composites reached 
4.1 GPa and 63 MPa, respectively. This is within the same order of magnitude as 
what has been published by Graupner et al. using other natural fibres such as 
cotton, kenaf or hemp in combination with PLA [164]. The composite with 50 wt% 
bamboo  fibres exhibited flexural strength of 55 MPa, which is ~25% lower than 
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pure PLA whereas its flexural modulus displayed  flexural modulus of 3.74 GPa, 
which is 43% higher than pure PLA, showing the reinforcing effect  provided by 
bamboo fibres. 
In terms of the drop in properties when the bamboo content exceeded 50 
wt%, it can be suggested that this is most likely related to the lack of PLA in the 
samples and the fibre aggregation preventing effective stress transfer during 
loading. In other words, there is not enough polymer to bind the bamboo fibres 
together and the bio-composite delaminates during loading. This is also consistent 
with our visual observation during testing of failure mode displayed by the samples 
containing 70 wt% and 80 wt% of bamboo fibres (Figs. 5.5e, 5.5f). Unlike other 
samples containing less amount of bamboo fibres, the samples did not fracture but 
rather “tore apart”.   
 
 
Fig. 5.3: Effect of bamboo fibre content on flexural properties of bamboo/PLA 
bio-composites 
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Our flexural results are in line with previous literature reporting the 
mechanical properties of automotive grade flax/PLA, flax/PP bio-composite [3, 
153]. When compared to mass produced conventional glass fibre reinforced 
unsaturated polyester, our bamboo fibre bio-composite possesses higher specific 
flexural strength (103.4 MPa) and flexural modulus (6.68 GPa) at 30 wt% fibre 
content  [3]. 
The Charpy impact test results show that there was a continuous increase in 
impact strength from 8.8 kJ/m2 to 14.4 kJ/m2 (Fig. 5.4). These results are in line 
with the literature reporting impact strength of natural fibres reinforced PLA non-
woven based bio-composite between 5 and 35 kJ/m2 [164, 220]. The continuous 
increase in impact strength value is most likely due to the fibres creating a path of 
resistance during impact and that each fibre at the fracture point has to individually 
break to absorb energy. Bax et al. showed a similar behaviour in flax/PLA bio-
composite for which the impact property continuously increased with increasing 
fibre fraction [221]. The continuous increase in impact property observed in Fig. 
5.4 can be explained according to Thomason et al. [222]. When the fibre content 
increases and the polymer content decreases, a weakening of the interfacial 
adhesion between the fibres and matrix is observed as a result of lacking of 
uniformity in the material coupled with the presence of agglomerates of several 
material units (fibres and polymer). During loading, each material unit will have to 
be broken individually, which in turn will increase impact property necessary to 
fracture the material. 
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Fig. 5.4: Effect of bamboo fibre content on impact resistance of bamboo/PLA bio-
composites 
 
Fractography 
 
The fractography was conducted after tensile and impact test on the samples 
with 30 wt%, 50 wt% and 80 wt% of bamboo fibre as they witness the trend 
observed. It can be noted that the tensile and impact test sample experience the 
same mode of fractures and hence the fractured surface images are very similar. 
The fractured surfaces all look “hairy” meaning that the fibres were pulled out. The 
surface of the visibly pulled fibres appear with a clean surface underlying that the 
interfacial adhesion and affinity between fibre and matrix is rather poor. 
Furthermore, the length of the pulled out fibres increase with the fibres ratio as 
shown by comparing Fig. 5.5a&5.5b with Fig 5.5c&d and Fig 5.5e&5.5f. Indeed, 
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Fig. 5.5a&5.5b show small pulled out fibres here and there and the matrix is visible; 
Fig. 5.5c&d show more fibre with a longer length pulled out but the matrix is still 
visible; whereas on Fig 5.5e&5.5f only long pulled out fibres are visible, the matrix 
is not visible at all. These observations support the discussion on Fig. 5.1. Indeed, 
Fig 5.1a shows the cross-section of the bio-composite with 30 wt% of fibres content 
where the fibres are well embedded in the matrix as a result of stress, small length 
of fibres (< 1 mm) are pulled out. On the other hand, at higher fibres content (Fig 
5.1c) there is an obvious lack of polymer which prevents the stress from being 
distributed homogeneously and makes it easier for longer fibres (>>> 1 mm) to be 
pulled out. This observations correlate well also with the observation done on Table 
5.1 regarding the increases of void content with the increase of fibre content. Lee 
et al. reported the same observation regarding the link between the length of the 
fibre pulled out after tensile test and the void content [223].  
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Fig. 5.5 Bio-composites cross-section after tensile test (a. 30 wt% bamboo 
content; c. 50% bamboo content; e. 80% bamboo content) and impact test (b. 30 
wt% bamboo content; d. 50% bamboo content; f. 80% bamboo content) 
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Thermo-mechanical properties 
 
Fig. 5.6 reports on the evolution of the storage modulus as a function of 
temperature and on the evolution of the glass temperature (Tg) related to the 
increasing fibre content. The effect of fibre content on the storage modulus at room 
temperature follows the same trend to what has been previously observed with the 
3 point bending test (with respect to the standard deviation) (Figs. 5.3 & 5.6).  
It is interesting to observe that the value of Tg increased from 66.3°C to 
71.5°C while the fibre content increase from 30 wt% to 80 wt%, respectively (Table 
5.2). This point is emphasised by the slope of the curves of the 60, 70 and 80 wt% 
fibre content bio-composite which decrease significantly, showing a less 
pronounced effect of the temperature on these bio-composites due to a lower 
amount of polymer (Fig. 5.1c).  
Table 5.2 Effect of the bamboo fibre content on glass temperature (Tg) of 
bamboo/PLA bio-composites. 
Bamboo Content 30 wt% 40 wt% 50 wt% 60 wt% 70 wt% 80 wt% 
Tg 66.3°C 69.6°C 71.19°C 71.3°C 71.5°C 71.5°C 
 
The storage modulus of the bio-composites with 30 to 50% fibre content are 
between 5.4 and 6.1 GPa at -20°C then the storage modulus decreases while the 
temperature increases (Fig. 5.6a). As soon as the fibre content exceeds 50 wt%, the 
storage modulus decreases significantly, independently to the temperature as 
shown in Fig. 5.6a. The storage modulus is 3.5GPa at -20°C for the bio-composite 
with 60 wt% fibre content, is 2 GPa for the bio-composite with 70% fibre content 
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and is 1.5GPa for the bio-composite with 80 wt% fibre content. This trend has been 
reported on algae fibre reinforced PLA bio-composite, Sim et al. showed the same 
drop of storage modulus for the bio-composite with a fibre content higher than 50 
wt% [224]. Once the temperature reaches the Tg and above, the macromolecule of 
PLA are in a relaxation phase, which means they have more mobility to realign 
themselves in a more stable configuration resulting in a significant decrease of 
storage modulus by more than 50% [225].  
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Fig. 5.6 a) Effect of the fibre content on the thermo-mechanical property of the 
bamboo/PLA bio-composite; b) storage modulus of bamboo/PLA bio-composite 
at different temperature according to the fibre content. 
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The drop of storage modulus for the bio-composite above 50% fibre content 
was expected due to the pictures of the cross-section (Fig. 5.1c) showing a 
progressive lack of polymer around the fibres creating a lack of effective stress 
transfer between the matrix and fibres. Furthermore the previous mechanical tests 
(Figs. 5.2 & 5.3) show the same trend. However, the DMTA gives the range of 
temperature where the bamboo/PLA bio-composites are mechanically more 
efficient according to the fibre content. As a result of the Fig 5.6b, the 50% fibre 
content bio-composite display the highest thermo-mechanical property among all 
the different fibre content bio-composite and can perform without significant drop 
of storage modulus up to a temperature of 60°C. 
 
Comparison of bamboo fibre bio-composite with other high 
strength natural fibre bio-composites  
 
Flax and hemp fibres are often chosen, in automotive industry, to reinforce 
bio-composites due to their high specific strength. In this study, flax and hemp 
fibres were used to be compared with bamboo fibre bio-composite in terms of 
mechanical properties. Furthermore, the quality of the manufacturing process used 
to make these bio-composites was assessed and a benchmark established by 
characterising a commercially available bio-composite made out of kenaf, hemp 
and polypropylene (PP). This commercial bio-composite was manufactured using 
the same process as the one used in this study and the same natural fibre weight 
ratio, 50 wt% natural fibres (25 wt% hemp and 25 wt% kenaf) and 50 wt% PP. 
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The tensile properties (Fig. 5.7a) of bio-composites correlate well to the 
tensile properties of the natural fibres described in Chapter 4 comparing the same 
bamboo, flax and hemp fibres used to make the characterised bio-composites. The 
tensile strength and Young’s modulus of bamboo bio-composite is much higher 
compared to flax and hemp fibre reinforced bio-composites (Fig. 5.7a). It is 
interesting to note that the difference in tenacity and modulus of bamboo bio-
composites is much higher compared to their difference in fibre tenacity and 
modulus observed in Chapter 4, indicating a better interaction of fibre matrix 
adhesion in case of bamboo compared to flax and hemp. However, the commercial 
bio-composite had much lower tensile and flexural property than the bamboo/PLA, 
flax/PLA and hemp/PLA bio-composites which is due to the more ductile nature 
PP matrix. Indeed by comparing the tensile strain at yield, the commercial bio-
composite can elongate 70% more than the other bio-composites allowing the 
commercial bio-composites to have larger deformation before breakage (Table 
5.3). This observation is in line with the tensile behaviour observed for each 
polymer fibres using the favimat (Fig. A.11.1). Also, this difference of behaviour 
between natural fibre reinforced PLA and natural fibre reinforced PP has been 
reported by Bledzki et al. [226]. 
Table 5.3 Elongation at break of each bio-composite based on the tensile test. 
Bio-composite Bamboo/PLA Flax/PLA Hemp/PLA 
Commercial 
Bio-composite 
Strain 2.57% 2.97% 3.38% 10.80% 
Standard 
Deviation 
0.20% 0.20% 0.22% 1.10% 
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Based on the results from the 3-point bending tests, the flexural strength 
(Fig. 5.7b) and flexural modulus were found to be slightly higher for the bamboo 
fibre bio-composites, following the same trend as the tensile properties. 
However, the flax fibre bio-composite outperforms the bamboo/PLA and 
hemp/PLA bio-composites in terms of impact properties. It is explained by a 
lack of interaction between the flax fibre and the PLA observed with the tensile 
property, resulting in a non-uniform material. Aforementioned in the discussion 
on impact property in the part related to “Mechanical Characterisation” of this 
Chapter, the lack of interaction between the fibres and matrix leads to a non-
uniform material with higher impact property as it is observed here for the 
flax/PLA bio-composite. The commercial bio-composite has an impact strength 
of 21.8 kJ/m2 which is 43 % higher than flax, 66 % higher than bamboo/PLA 
and 145 % higher than hemp/PLA. Based on the literature, this performance is 
explained by the elongation property of the PP matrix (εPP>50%) which is able 
to deform much more than PLA (εPP ~3%) before breakage thus handle more 
impact energy [226].  
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Fig. 5.7 Comparison of mechanical properties of PLA bio-composites reinforced 
with bamboo, flax and hemp fibres respectively and a commercial bio-composite; 
a) Tensile property; b) Flexural property; c) Impact property. 
Impact property enhancement of natural fibre and polylactic acid bio-
composites with different flexible copolymers has been reported and this could be 
the key to bringing the impact properties of PLA based bio-composites to 
acceptable limits [227].  
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5.4. Conclusion 
 
This work examined the mechanical properties of bamboo fibre as a bio-
composite reinforcement, which displays superior performance in tensile and 
flexural stress over conventional natural fibre such as flax or hemp fibre reinforced 
PLA bio-composites. Bamboo fibre reinforced PLA bio-composite have promising 
mechanical properties to compete with flax and hemp on the bio-composite market. 
However, the impact property must be improved to match the automotive 
requirement set by commercial bio-composites. 
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6. Chapter 6: Overcoming interfacial affinity issues in 
bamboo-polylactide bio-composites via surface 
coupling. 
 
6.1. Introduction 
 
This Chapter draws on the outcomes of the previous Chapter 5 which 
identified that a bamboo/PLA fibre weight ratio of 50/50 displays optimum 
performance. Here we showed that the performance of this previously optimised 
bio-composite can be further enhanced using a simple methodology reported by 
Magniez et al. His previous studies showed that amphiphilic block copolymers 
based on polyethylene glycol block can be efficient to improve the interfacial 
adhesion of various ligno-cellulosic fibre reinforced polylactic acid or polyethylene 
bio-composite [21, 174]. This study demonstrates that the interfacial adhesion in 
bamboo-polylactide bio-composites can be greatly improved using a more tailored 
amphiphilic block copolymer: PEG-PLA. The aim of this study is to investigate the 
effects on the interfacial adhesion of a bamboo/PLA bio-composite using two 
separate amphiphilic block copolymers, one having a short chain length and one 
having a long chain length, whilst having an identical  HLB of ~3.33 (i.e. quite 
hydrophobic). Bamboo fibres were surface coated with these PEG-PLA block 
copolymers at different concentrations prior producing a range of uni-directional 
(UD) bamboo/PLA bio-composites. The effect of block copolymer type and 
concentrations on the interfacial adhesion of the resulting bio-composites was 
evaluated from three point bending and dynamic thermos-mechanical analysis 
(DMTA).   
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The outcomes of this investigation, which identified the best performing 
PEG-PLA interfacial coupling agent and its optimum concentration for a bamboo-
polylactide bio-composite, paved the way for the work described in the second part 
of this Chapter which focusses on non-woven based bio-composites. 
The best performing PEG-PLA interfacial coupling agent was subsequently 
used to manufacture a non-woven based bio-composite. The resulting bio-
composite was mechanically characterised through tensile test, three point bending, 
Charpy and DMTA. The test results were compared to the tests results of other bio-
composite fabricated with neat bamboo fibre and commercial bio-composite panel. 
The mechanical improvement provided by the PEG-PLA amphiphilic block 
copolymer will be highlighted. 
 
6.2. Methodology 
 
The methodology uses for the characterisation is discussed in Chapter 3, 
“Part 1 – Materials”, “Part 2 – Surface treatment of bamboo fibre”, “Part 3 – Bio-
composites manufacturing” and “Part 4 – Characterisation Method” – section 
“Surface coating analysing” and “Characterisation of bio-composites” 
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6.3. Results and Discussions 
 
In order to obtain a homogeneous dispersion of micro-crystals in solution 
for the surface coating of bamboo fibres, the PEG-PLA amphiphilic block 
copolymers were first dispersed in acetone with magnetic stirring then the water 
was added and ultra-sonicated for an hour, resulting in a solution which is milky in 
appearance (Fig 6.1.a).  As soon as the solution was ready to be used, a control of 
the size of the particle was conducted using an optical microscope and ImageJ to 
analyse the resulting images. After analysis the surface area of the particles was 
observed to be varying between 14µm2 and 800µm2 (Fig. A.12.1). 
 
Fig. 6.1 a) Prepared solution of 1 wt%, 2 wt% and 4 wt% of PEG-PLA 
amphiphilic block copolymer dispersed in water/acetone; b) dispersion under 
microscope at 20× magnification. 
 
The fibre surface was dip-coated with the PEG-PLA amphiphilic block 
copolymer solution then the dried fibres were analysed using SEM and Transform 
Fourier Infra-red (FTIR) spectroscopy. The SEM shows small particles of PEG-
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PLA randomly dispersed on the surface of bamboo fibre (Fig 6.2a) which 
disappeared after the heat treatment (2min at 120˚C) to form a thin film on the 
surface of bamboo fibre. Although the thin film of PEG_PLA is rather difficult to 
observe by SEM, the presence of the film of PEG-PLA on the surface of bamboo 
fibre is confirmed by FTIR (Fig. A.12.2).  
 
Fig. 2 a) PEG-PLA particles prior heat treatment; b) PEG-PLA film after heat 
treatment 
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Both PEG-PLA amphiphilic block copolymers display a strong ester peak 
at 1750 cm-1 (not fund in neat bamboo) which was used to verify the presence of 
the copolymer on the fibre surface (Fig 6.3).The intensity of the absorption peak at 
1750 cm-1 was also found to increase with the concentration of the PEG-PLA 
amphiphilic block copolymer used to coat the fibres.  
 
 
Fig. 6.3 FTIR spectra of neat bamboo fibre, the PEG-PLA amphiphilic block 
copolymer (12k and 30k) and bamboo fibre coated with the PEG-PLA 
amphiphilic block copolymer at different concentrations 
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As described by Magniez et al. the PEG hydrophilic part of the amphiphilic 
block copolymer, has a strong affinity with cellulose (i.e. bamboo fibre) and will 
interact with the cellulose component via hydrogen bonding [21, 174, 228-230]. 
However the hydrophobic PLA part of the amphiphilic block copolymer will 
provide bamboo fibres with certain level of hydrophobicity as shown by the contact 
angle of disk of fibres (see p67) as reflected in Fig 6.4. The disk of neat bamboo 
fibre (Fig. 6.4a) showed a contact angle of 61° whereas on the disk of surface 
coated fibre, the drop became more circular and the contact angle increase up to 
79° in the case of the 4% of fibre weight of PEG-PLA amphiphilic block copolymer 
(12k) (Fig 6.4b). 
 
 
Fig. 6.4 Contact angle change after surface coating - a. drop of water on neat 
bamboo fibre after 0.25sec; b. drop of water on 4 wt% PEG-PLA (12k) surface 
coated fibre. 
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The Table 6.1 shows the increase of the hydrophobicity of the fibre 
according to the type and concentration of the PEG-PLA amphiphilic block 
copolymer used.  
Table 6.1 Contact angle for neat fibres compared to fibres surface coated with 
the two different PEG-PLA amphiphilic block copolymers at various 
concentrations 
 Neat fibres 
12 000 g/mol 30 000 g/mol 
 
1% 2% 4% 1% 2% 4% 
Contact Angle 61.2°±1.8° 73.6°±0.3° 74.5°±1.4° 79°±3.3° 65.2°±2.8° 76.4°±2.6° 77.5°±2° 
 
 
The contact angle of the higher molecular weight PEG-PLA amphiphilic 
block copolymer (30k) varied from 65.2° to 77.5° whereas the lower molecular 
weight PEG-PLA amphiphilic block copolymer (12k) varied from 73.6° to 79°. The 
increase of contact-angle, up to 27%, underlies that the fibre becomes more 
hydrophobic after surface coating. Some of the surface coated fibres were then used 
to make the samples for single fibre fragmentation test. 
 
Single fibre fragmentation 
 
The interface of a composite is the boundary area between the fibre and the 
matrix. To give strength to a composite the fibre and the matrix must have affinity 
in order to transfer the stress from the matrix to the fibre and avoid the failure of 
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the material [231]. This affinity can be quantify using the single fibre fragmentation 
test (SFFT) which consist in embedding a single fibre into a matrix prior conducting 
a tensile test [231]. As a result, the fibre will break in fragments of different length 
which are related to quality of the interface [231].  
The single fibre fragmentation tests were conducted through different 
method variations. First the dog bone samples (Fig. 6.5a) were mounted in an 
Instron tensile tester. The tensile load was increased to 8% of strain at loading rate 
of 2mm/min to fragment the embedded bamboo fibre. Unfortunately, the tensile 
strain at break of PLA was found to be only 2% and the fragmentation of the 
bamboo was not observed under microscope with polarized light. 
In order to increase the tensile strain of the PLA, it has been then decided 
to perform the tensile test above the TG at 70°C in a Dynamic Mechanical Thermal 
Analyser (DMTA) using the tensile mode. The idea of using such a technique was 
to transfer the stress to the fibre as the PLA is above the Tg and would therefore 
become more ductile. Unfortunately, in all cases the PLA slipped around the fibre 
without cracking it (Fig. 6.5b). 
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Fig. 6.5 Samples after single fibre fragmentation test - a. tested in an Instron 
tensile tester; b. sample tested in a DMTA. 
 
Unidirectional bio-composites 
 
The effect of type and concentration of block copolymer on the interfacial 
adhesion of UD bio-composite was then investigated. The samples were tested 
mechanically and thermal-mechanically by three point bending test (Fig. 6.6) and 
DMTA (Fig. 6.7&6.8), respectively.  
The flexural properties of the bio-composites displayed in Fig. 6.6 shows 
that the treatment with low molecular weight block copolymer has minimum effect 
compared to the bio-composite fabricated using the untreated bamboo fibres. 
However the treatment with the higher molecular weight copolymer (i.e. 30k) 
resulted in an improvement in flexural strength and modulus by up to 32% and 12% 
respectively. The concentration did not have a pronounced effect on the strength as 
most sample displayed similar flexural strength and modulus improvement, within 
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the 1-4% concentration range.  This result is interesting as it shows that just an 
amount of amphiphilic block copolymer as small as 1% of the fibre weight is 
enough to significantly improve the interfacial property of the bio-composite. 
 
Fig. 6.6 Effect of the PEG-PLA amphiphilic block copolymer type and 
concentration on the flexural properties of UD bamboo/PLA bio-composites. 
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Table 6.2 Analysis of the flexural properties presented in Fig 6.6 using the 95% 
confidence interval. 
  
Neat 
12 000 g/mol 30 000 g/mol 
  
1% 2% 4% 1% 2% 4% 
Flexural 
Strength 
(MPa) 
Upper 88.57 83.04 77.82 89.61 101.09 88.54 86.80 
Mean 75.59 69.24 66.89 72.21 87.86 82.25 81.81 
Lower 62.60 55.43 55.95 54.81 74.63 75.96 76.83 
Flexural 
Modulus 
(GPa) 
Upper 5.68 6.99 5.51 8.50 10.37 7.54 9.34 
Mean 4.85 5.42 4.44 5.70 7.19 7.05 6.95 
Lower 4.01 3.84 3.37 2.90 4.01 6.57 4.56 
 
As demonstrated by Ko et al., the dynamic mechanical behaviour of a fibre 
reinforced composite is linked to its interfacial properties between the fibre and 
matrix [232]. Hence the strong interest to characterise the UD bio-composites after 
surface coating of bamboo fibre using the DMTA. The DMTA analysis (Fig. 6.7) 
support the assumption done by Ko et al. as the results revealed a similar trend to 
the three point bending test results [232]. The UD bio-composite made with neat 
bamboo fibres has comparable properties with the composite made of surface 
coated bamboo fibre with low molecular weight PEG-PLA amphiphilic block 
copolymer (12k). The storage modulus was about 7.9 GPa at -20°C for the neat 
bamboo fibre reinforced PLA bio-composite and was about 8 to 9.1 GPa for the 
UD bio-composite reinforced with surface coated bamboo fibre using the low 
molecular weight PEG-PLA amphiphilic block copolymer (12k) (Fig. 6.7). The 
storage modulus increased significantly for the UD bio-composites reinforced with 
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the high molecular weight PEG-PLA amphiphilic block copolymer (30k), i.e. 10.5 
~ 11 GPa for the concentration at 1 and 2 wt % and 13 GPa for the concentration at 
4 wt% (Fig. 6.7). 
 
  
Fig. 6.7 Storage modulus of UD bio-composites fabricated with neat and surface 
coated bamboo fibres. 
The graphs from the DMTA analysis (Fig 6.7 & 6.8) show that the bio-
composite made of bamboo fibres coated with any of the two types of block 
copolymers, regardless of the concentration, have similar Tg (Table 6.3) but 
different storage modulus and tan delta. Indeed, regardless of the concentration, the 
higher molecular weight block copolymer (30kmol/g) displays an increase of the 
storage modulus and a decrease of tan delta that demonstrate the improvement of 
the interfacial adhesion (Fig 6.7&6.8). Whereas the neat bamboo fibre and bamboo 
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fibre coated with lower molecular weight block copolymer displayed similar tan 
delta and storage modulus showing the lack of effect on interfacial adhesion (Fig 
6.7&6.8). The low molecular weight block copolymer does not increase the 
mechanical properties (Fig 6.6, Table 6.2) by improving the interfacial adhesion 
but instead act as a plasticizer agent for the bio-composite which tend to be more 
flexible [233].  
 
Fig. 6.8 Tan delta of UD bio-composites fabricated with neat and surface coated 
bamboo fibres. 
 
Table 6.3 Glass transition temperature (Tg) of UD bio-composites fabricated with 
neat and surface coated bamboo fibres. 
 
Neat 
12 000 g/mol 30 000 g/mol 
 1% 2% 4% 1% 2% 4% 
Tg (˚C) 70.48 70.36 71.95 70.47 70.93 71.28 71.65 
 
This is supported by the 95% confidence interval (Table 6.2). Indeed, Table 
6.2 displays that the flexural properties of bio-composites made of bamboo fibre 
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coated with the lowest molecular weight amphiphilic block copolymer are in the 
95% confidence interval of the neat bamboo fibre bio-composite. It proves that the 
lower molecular weight amphiphilic block copolymer do not reinforce or weaken 
the bio-composite but act as a plasticizer agent [233]. However, as shown by Fig. 
6.6 and Table 6.2, the heavier molecular weight amphiphilic block copolymer 
provided a great improvement of the flexural property of the bio-composites, 
standing mostly out of the 95% confidence interval of neat bamboo fibre bio-
composite. 
Based on the work published by Magniez et al., the amphiphilic block 
copolymer creates a strong hydrogen bond between the PEG and bamboo fibre 
while the PLA of the block copolymer combines with the PLA of the matrix [21]. 
The increase of  molecular weight of the block copolymer, including the size of the 
PEG block, creates more hydrogen bond between the fibre and matrix improving 
the adhesion at the interface [21]. Furthermore, based on the observation reported 
by Magniez et al. and on phenomenon observed elsewhere with MAPP (maleated 
polypropylene), it is thought that a longer copolymer chain provides extensive 
molecular entanglement improving the properties at the interface [12, 21].   
Based on the three point bending tests and DMTA analysis, the higher 
molecular weight PEG-PLA amphiphilic block copolymer (30k) was chosen to coat 
bamboo fibres prior to manufacturing of a non-woven based bio-composite panels 
following the same manufacturing process used in Chapter 5. As the concentration 
was not found to influence much the performance of the composites, the lowest 
concentration was chosen to coat the fibre for cost-effective purpose. 
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Bio-composites 
 
The hot press used in Chapter 5 to manufacture the non-woven based bio-
composites experienced some technical issue and therefore another hot press, 
which applied a higher and fixed pressure of 1400 psi, had to be used to 
manufacture the non-woven based bio-composites in the study presented in this 
Chapter 6. The higher pressure applied by this alternative hot press resulted in 
thinner panels, around 2 mm, and lower void content, 30% (Table 6.4), compared 
to 2.5mm thick and 32% of void content using the initial press (see Chapter 5 
results). Despite using the same hot press to make the bio-composites fabricated 
with either neat or surface coated bamboo fibre they display a difference of void 
content of 3.2% that might have an effect on the mechanical properties. 
Table 6.4 Theoretical and measured density and void content of bio-composites 
made with neat and surface coated bamboo fibres. 
Bio-composites Neat Bamboo Surface Treated bamboo 
Theoretical density (g/cm3) 1.369 1.369 
Measured density (g/cm3) 0.953 0.998 
Void (%) 30.34 27.1 
 
Fig. 6.9 reports on tensile (Fig 6.9a), flexural (Fig 6.9b) and impact (Fig 
6.9c) properties of three different bio-composites, comparing a PLA bio-composite 
reinforced with neat bamboo fibre, bamboo fibre surface coated with 1wt% of PEG-
PLA amphiphilic block copolymer (30k) and a commercial bio-composite. The 
tensile strength of the neat bamboo bio-composite is about 48 MPa and the Young’s 
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modulus is 2.8 GPa (Fig 6.9a). The flexural strength of the neat bamboo bio-
composite is 53.3 MPa, the flexural modulus is 5.8 GPa (Fig 6.9b) and the impact 
strength is 9.2 kJ/m2 (Fig 6.9c). On the other hand, the tensile strength of the surface 
coated bamboo fibre bio-composite is about 59 MPa and the Young’s modulus is 
3.45 GPa (Fig 6.9a). Their flexural strength is 74.8 MPa, the flexural modulus is 
6.6 GPa and the impact strength is 10.4 kJ/m2 (Fig 6.9b). Overall this represents an 
improvement of 23% in tensile strength, 23 % in Young’s modulus, 40% in flexural 
strength, 14 % in flexural modulus and 13% in impact strength (Fig 6.9). It can 
therefore be suggested that the presence of the PEG-PLA amphiphilic block 
copolymers (30k) results in a noticeable improvement of the performance at 
concentration as low as 1 wt%. The improvement in flexural modulus is not as 
significant as it was in the UD bio-composite due to fibre orientation effects (Figs 
6.6, 6.7 & 6.8 and Table 6.2). In the UD bio-composite, the fibres were all aligned 
in the loading direction whereas in the non-woven based bio-composite, the fibres 
are randomly orientated and hence the load bearing is not as significant in tension 
[234]. As reported elsewhere, the impact performance of a bio-composite is 
controlled by the microfibril angle, the property of the matrix and the interfacial 
properties between the fibres and matrix [12]. Fig. 6.9 compares the mechanical 
property of two bamboo/PLA bio-composites which only differ by the presence of 
PEG-PLA block copolymer on the surface of bamboo fibre in one of them. The 
presence of the PEG-PLA block copolymer provides the bio-composite with higher 
impact property suggesting that it enhances the ability of the bio-composite to 
absorb impact energy and reduce the crack propagation. This is supported by the 
SEM image (Figs. 6.10 & 6.11) showing that longer bamboo fibres were pulled out 
of the matrix in the neat bamboo/PLA composite, in comparison with that surface 
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coated with PEG-PLA block copolymer which were rather short. The shorter length 
of pulled out bamboo fibre clearly indicates that the PEG-PLA block copolymer 
improved the interfacial adhesion between the bamboo fibre and PLA.  
Both bio-composites produced with surface coated or neat bamboo fibres 
outperformed the tensile and flexural properties of the commercial bio-composites 
made of kenaf/flax and polypropylene (PP) (Fig 6.10a & 6.10b). However, the 
commercial panel has higher impact property than the bamboo bio-composite 
panels (Fig 6.9c). Again, this is due to the property of the PP matrix which performs 
well in elongation and as a result it can absorb much more energy before failure 
[226]. 
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Fig. 6.9 Comparison of mechanical properties of PLA bio-composite reinforced 
with neat and surface coated bamboo fibres and a commercial bio-composite; a) 
tensile properties; b) flexural properties; c) impact property. 
 
The SEM images in Figs. 6.10 & 6.11 shows the fractured of the tensile 
samples from both bio-composites produced with neat (Fig. 6.10) and surface 
coated bamboo fibres (Fig. 6.11). The bio-composite produced using neat bamboo 
fibres shows the same fracture as the bio-composite fracture shown in Chapter 5 
which was expected as both type of bio-composite were fabricated using the same 
manufacturing process and the same fibre type and ratio. The fibres are visibly 
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pulled out and clean without the presence of polymer on the surface. It shows that 
the interfacial adhesion between the polymer and the fibre is rather weak allowing 
for the fibre to slide out of the polymer surrounding matrix when the sample is 
under tension [235]. The lack of interfacial adhesion causes a lack of efficient stress 
transfer between the polymer and the fibres, which deteriorate the overall 
performance of the bio-composites [234]. 
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Fig. 6.10 SEM Picture of the fracture of bio-composite produce with neat bamboo 
fibres after tensile test; a) overview of the cross-section - low magnification; b) 
zoom in an area representative of the fracture - high magnification 
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However the bio-composite produce with surface coated bamboo fibres 
coated with PEG-PLA amphiphilic block copolymer shows an interesting fracture 
which demonstrates the effect of a better interface between the fibre and the matrix. 
Fig 6.11a shows shorter fibres pull out compared to Fig. 6.10a. As a result, the 
polymer is still visible between fibres. Fig 6.10b, shows a closer view of the section 
where the polymer is clearly visible and still present on the surface of fibres despite 
they were pulled out. Furthermore, Fig. 6.11a show that the length of pull out fibres 
is much shorter than that from the bio-composite made using neat fibres (Fig 
6.10a). On the right hand side of the Fig. 6.11b, it is possible to see that fibres are 
still embedded in the polymer, visually proving the enhancement of the interfacial 
adhesion. 
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Fig. 6.11 SEM pictures of the fracture of bio-composite made with surface coated 
bamboo fibre after tensile test; a) overview of the cross-section - low 
magnification; b) zoom in an area representative of the fracture - high 
magnification. 
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The graph presented below, Fig 6.12, shows the effect of the surface coating 
of bamboo fibre on the thermo-dynamic mechanical properties of the resulting bio-
composites. The data demonstrate the improvement of the interfacial adhesion of 
the bio-composites using the PEG-PLA amphiphilic block copolymer by an 
increase of the storage modulus [21, 236]. The storage modulus of the bio-
composite made with neat bamboo fibres is about 4.8 GPa at -20°C whereas it 
increased to 5.6 GPa at -20°C after surface coating. The improvement of interfacial 
adhesion is quantifiable by an increase of the storage modulus of about 21% +/-
5.2% within the overall range of temperature used for the DMA test. The 
improvement of interfacial adhesion is also highlighted by the decrease of the peak 
of the tan (δ) from 0.95 for the neat bamboo composite to 0.8 for the surface treated 
bamboo composite. It shows that the composites made with surface treated bamboo 
fibres is able to handle higher stress compared to those made with neat bamboo 
fibres [237]. As the only difference between these two bio-composites is the PEG-
PLA amphiphilic block copolymer on the surface of bamboo fibre, the increase of 
the storage modulus and the decrease of the tan delta peak after coating, highlight 
the effect of the PEG-PLA amphiphilic block copolymer and the improvement of 
the interfacial adhesion [21]. 
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Fig. 6.12 Effect of the surface coating of bamboo fibre using PEG-PLA 
amphiphilic block copolymer on the storage modulus and tan delta (δ) of the 
resulting bamboo/PLA bio-composites 
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6.4. Conclusion 
 
This work studied the changes in mechanical property of bamboo/PLA bio-
composites after surface treatment of the bamboo fibres using a PEG-PLA 
amphiphilic block copolymer of two different molecular weights: a low one, 12k 
vs a high one 30k. The PEG-PLA amphiphilic block copolymers were successfully 
dispersed in water/acetone and coated on the surface of bamboo fibres by dip-
coating. These surface treated fibres were subsequently used to make bio-
composites using carding, needlepunching and hot compression moulding process. 
It was found that the PEG-PLA amphiphilic block copolymer with a higher 
molecular weight provides significant improvement of all mechanical properties 
whereas the lower molecular weight PEG-PLA amphiphilic block copolymer did 
not affect the overall properties. As a result, the use of PEG-PLA amphiphilic block 
copolymer as a coupling agent, successfully improve the mechanical properties of 
the bio-composite by significantly improving the interfacial adhesion between 
bamboo fibre and PLA. 
 
. 
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7. Chapter 7: Industrial Prototype 
 
 
7.1. Introduction 
 
The entirety of the research work which has been presented so far was 
conducted using laboratory scale equipment. Whilst we are confident that the 
results are truly representative of the trends, it has been decided that the project 
needed to demonstrate that an industrial pilot production line should be used to 
fabricate bio-composites prototypes.  The scale-up process has been divided into 
two stages, the non-woven manufacturing process and the hot-compression 
moulding process. The non-woven manufacturing process of the bamboo/PLA 
webs was carried out in collaboration with the European Centre for Non-woven 
(CENT) (located in the French Institute Textile and Garment) 
(http://www.ifth.org/en/textile-process/nonwoven.html). All along the previous 
experiments, the mechanical properties of bamboo fibres and bamboo fibres bio-
composites were compared with flax and hemp fibres as well as commercial bio-
composites. In the frame of this industrial prototype manufacturing a mat of flax 
and polylactic acid fibre was made to be compared with bamboo/PLA bio-
composites. Comparing bamboo with flax at each steps of the manufacturing 
process, from the fibre to the industrial scale bio-composite prototype, is more 
meaningful to demonstrate the novelty and advantages of bamboo/PLA bio-
composites for further industrial applications.      
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This chapter gives an overview of the industrial trial conducted for the non-
woven manufacturing in France. It aims to highlight the industrial benefit of a 
product produced using an industrial scale pilot line.  
 
7.2. Experimental details 
 
Material 
 
Bamboo fibres (Phyllostachys pubescens) were supplied by an ISO9001 
certified company, Suzhou Shenboo Textile Co., Ltd. (Fig 3.1) [175]. Flax fibres 
were supplied by the company Van Robaeys Frères (http://www.vanrobaeys.fr/), 
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The PLA fibres were supplied by Max Model (http://www.fibre-
maxmodel.com/). The fibres fineness was 6.7 dTex and the length 63 mm. The PLA 
polymer used for making these fibres is from NatureWork. The same material was 
used to conduct all the previous experiments at Deakin University.  
 
Non-woven manufacturing 
 
The non-woven were made of bamboo and PLA fibres at the CENT, 
equipped with drylaid technology. This pilot line for industrial prototyping has a 
number of sequential machines allowing the manufacturing of samples with 
reduced amount of raw material compared to an industrial line 
(http://www.ifth.org/fr/technologie-textile/nontisse/9-procedes-textile/4716-parc-
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metier-nontisse.html). To manufacture the non-woven samples, 10 kg of natural 
fibres and 10kg of PLA fibres were opened, blended, carded, laid up and finally 
needle-punched (Fig.7.1) using the pilot line. The line is equipped with a bale 
opener, feeding system, carding machine (F.O.R.), cross-lappers (F.O.R.) and 
needlepunch (DILO, http://dilo.de/; Germany). The needlepunch is equipped with 
one top needleboard filled with 2000 needles per metre from Groz-Becker (R222).  
 
Fig. 7.1 Schematic of the pilot line used at the CENT. The flow of material begins 
at the feeding system with tuft and finishes with a non-woven fabric after 
consolidation by needlepunching. 
 
Usually, the fibres are commonly transported in the form of compressed 
bale of 100 or 250 kg. Because of the high level of compaction between the fibre 
in a bale, the fibres to stick to each other and creates large agglomerates called tufts. 
The individual fibres in the tufts must be separated and opened in order to make the 
carding easy and ensure a more homogeneous web with less material rejection 
during carding. This is the role of the bale opener (Fig.7.2) and feeding system 
(Fig.7.3). In the frame of this experiment, it’s important to mention that no blending 
machine was used. Instead, the bale opener was fed with both the natural and PLA 
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fibres simultaneously (Fig.7.2), the blending occurred first inside the bale opener 
and continued in the feeding machine.  For each sample, 20 kg of tufts (10kg of 
natural fibres and 10kg of PLA) were fed to the bale opener to open, lighten and 
start to coarsely blend fibres by rolls with large teeth. Then the tufts were extracted 
from the machine by vacuum and subsequently carried to the feeding system.  
 
 
Fig. 7.2 Bale Opener fed with 10 kg of flax and 10 kg of PLA 
 
The feeding system uses a combination of an inclined needle lattice apron 
and an evener roller, covered with needles, to finely open and blend the tufts of 
different nature (Fig. 7.3). Then the blended tufts fell into a weight-sensitive pan to 
control the mass area of materials deposited on the conveyor feeding the carding 
machine.  
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Fig. 7.3. a. Schematic of the feeding system including the flow of materials. b. 
Mat of either single fibres or small tufts entering into the carding machine on the 
left hand side. 
 
The carding machine uses a combination of worker and stripper rollers of 
various size, which are covered with fine metallic teeth of various shape and size 
(Fig.7.4). At the entrance of the carding machine the teeth covering the roll are 
coarse as their role is to separate and open the agglomerated fibres into single fibre. 
As the fibres progress through the process, the teeth on the rollers become 
progressively finer to individualise and parallelise the fibres but also to remove 
short fibres (<2-3cm), residues or dust. As a result the carding machine form a 
uniform and homogeneous web of parallelised single fibre of natural fibres and 
PLA fibres which are carried to the cross lappers at the final stage.  
 
 
b 
137 | P a g e  
 
 
Fig. 7.4 a. Schematic of the carding machine including the flow of materials to 
make a web. b. the web coming out of the carding machine. 
 
The role of the cross-lappers is to tailor the lay-up of the webs by 
modulating the density and width of the batt. The cross lappers work as a pendulum, 
depositing the web across a conveyor perpendicular to the carding machine 
(Fig.7.5). The width of the web is set by the travel length of the pendulum and the 
density by the speed of the conveyor carrying the batt.  
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Fig. 7.5 a. Schematic of the cross-lappers including the flow of the web to lay-up 
into a batt. b. Face view of the cross-lapper illustrating the movement of the 
pendulum c. Picture of a batt of flax and PLA (~44 layers) 
 
The last stage of the process is the needlepunch, aiming at mechanically 
consolidating the non-woven web (Fig 7.6). The web coming from the cross lapper 
travel horizontally through the needlepunch where needles vertically punch the 
web, carrying the fibre s from the upper layer of the web to the bottom ones, 
causing some shrinkage and providing the web with mechanical consolidation 
through Z-pinning.  
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Fig. 7.6 a. Schematic of the needlepunch including the flow of batt going through 
for mechanical consolidation prior to being rolled. b. Non-woven fabric of 
bamboo/PLA coming out the needlepunch. 
 
The areal densities of the non-woven produced in this pilot scale industrial 
work was similar to what was previously achieved on the laboratory scale work 
(Table 7.1). The target was to produce a mat 10 m long, 85cm wide with a mass 
area of ~1800 g/m2. However the thickness of the batt coming out of the cross-
lapper restricted the mass area to ~1 kg/m2 maximum. To achieve the 1.8 kg/m2 in 
the final non-woven web, 2 webs around 900 g/m2 were manufactured and 
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assembled through needlepunching by putting one on top of each other and 
needlepunch together on both side to reach the desired mass area.   
Table 7.1 Targeted characteristic of non-woven 
Targets 
 
Bamboo/PLA 
6.7 
Flax/PLA 
6.7  
Blend (%) 50/50 50/50 % 
Area density 1800,0 1800,0 g/m² 
Production length of nonwoven 2×10m 2×10m m 
 
Each machine of the pilot line was set with the parameters below (Table 
7.2) to process the fibres into the non-woven mats. The parameters were adjusted 
according to the fineness of the natural fibres proceeded.   
 
Table 7.2 Machine parameter used to produce the non-woven 
Feeding 
Speed of feeding conveyor 0,94 0,89 m/min 
Width of the feeding chimney 150 150 cm 
Estimation mass area feeding web 517 706 g/m² 
Carding 
Speed of feeding conveyor 0,88 0,84 m/min 
Stretching 21,2 21,2 % 
Speed of the doffer 18,7 17,8 m/min 
Speed of the take-off apron 18,4 17,7 m/min 
 -2 -1 % 
Estimation of web surface area 24,4 33,3 g/m² 
Cross lappers 
Width of the web coming in 1 1 m 
Input speed  18,7 17,8 m/min 
Output speed 0,45 0,52 m/min 
Width of the batt coming out 0,8 0,78 m 
Average number of ply 26,0 21,9 ply 
Average number of layers 51,9 43,9 layer 
Lapping angle 2,8 3,3 ° 
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Estimation of batt mass area 1266 1460 g/m² 
Needlepunching 
Cylinders input speed 0,45 0,52 m/min 
Cylinders output speed 0,64 0,74 m/min 
Stretching 42 42 % 
Ref. Needles R222 R222  
Number of needleboard 1 1  
Needles density 2000 2000 needles./m 
Penetration depth 13 13 mm 
Punch frequency  220 250 punch/min 
Feed pitch 2,91 2,96 mm/punch 
Punch density 69 68 punch/cm² 
Width of Non-woven 0,8 0,8 m 
Shrinkage 0,0 -2,6 % 
Mass area 890 1000 g/m² 
 
Compression moulding 
 
Small bio-composite panel (120 x 120 mm) were made using the same 
process and equipment described in Chapter 3. Thereby, it will be possible to assess 
the effect of the scale up of the non-woven manufacturing process on the 
mechanical property of bamboo/PLA bio-composite.  
 
Characterisation 
 
After non-woven manufacturing a square of 0.1m2 was cut into each mat to 
control the area density of the non-woven. 
The same characterisation method described in chapter 3 was used to 
mechanically characterise the bio-composite in tensile, three points bending and 
impact property.  
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7.3. Results and discussion 
 
Non-woven – quality control post manufacturing 
 
After fabrication of the non-woven, samples of 0.1m×0.1m were cut and 
used to evaluate the density area which was found at 1880 g/m2 for the blend of 
bamboo/PLA (Fig.7.7) and 1820 g/m2 for the blend of flax/PLA (Fig.7.7). The 
targeted density area of the mats was therefore achieved and are in line with the 
density area used by some automotive manufacturers to make either dashboard or 
indoor panel [3].  
 
Fig. 7.7 Samples used to assess the mass area of each non-woven mat 
manufactured. The mat colour white is a blend of bamboo/PLA and the mat 
colour brown is a blend of flax/PLA. 
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Bio-composite characterisation 
 
The mechanical property of bamboo/PLA bio-composite were compared to 
flax/PLA bio-composite made through the same process and a commercial bio-
composite made of hemp/kenaf/PP (25/25/50 wt%). It can be seen that the tensile 
and flexural properties of the bamboo/PLA bio composites are superior to the other 
tested composites, including the commercial type (Fig. 7.8). The tensile strength 
and Young’s modulus of bamboo/PLA bio-composite are between 31% and 55% 
higher than the other tested composites respectively whilst its flexural strength and 
modulus is also between 39% and 66% higher than the other tested composites, 
respectively (Fig. 7.8). Finally, the impact strength bamboo/PLA bio-composite is 
about 12 kJ/m2 making it 30% more performant than flax/PLA bio-composite (Fig. 
7.8). On the other hand it underperformed compared to the commercial composite 
and was found to be 45% lower in impact energy. The trends can be explained by 
a combination of two influencing factors: the void content present in the bio-
composite and the density. Table 7.3 below reports that the flax/PLA and 
commercial bio-composites have a void content 50% and 44% higher than 
bamboo/PLA respectively. This void content affect the mechanical property of the 
bio-composite and the commercial bio-composite has 44% affecting its mechanical 
properties as reported by Oksman et al. [219]. The impact property of the 
commercial bio-composite is twice more performant than bamboo/PLA bio-
composite. Also due to the use of PP matrix which is a lot more ductile (i.e. energy 
absorbent) than PLA. 
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Table 7.3 Density and void content in the studied bio-composites 
Bio-composites Bamboo/PLA Flax/PLA 
Commercial Bio-
composite 
Calculated Density (g/cm3) 1.369 1.325 1.202 
Measured Density (g/cm3) 0.96 0.73 0.68 
Void content 29.8 % 44.6 % 42.9 % 
 
 
Fig. 7.8 Mechanical properties of bamboo/PLA, flax/PLA bio-composite and 
commercial bio-composite. a) Tensile properties; b) Flexural properties; c) 
Impact properties.  
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The bamboo/PLA bio-composites fabricated on the industrial pilot line 
show lower mechanical properties than the bio-composites prepared in laboratory. 
The difference in mechanical properties is caused by lack of optimization of the 
whole process. However all the parameters used to manufacture the web of 
bamboo/PLA were previously used and optimised by the technical team of the 
facility to produce similar web of flax and PLA. However more work would be 
required for specific system and it was out of scope of this study. 
7.4. Conclusion 
 
This Chapter offer an industrial approach on the potential industrial 
application of bamboo/PLA bio-composite. We demonstrated that bamboo fibre 
and the manufacturing are both suitable to make bio-composite industrially. This 
Chapter also provided a comparison of the mechanical performance of 
bamboo/PLA bio-composite with a flax/PLA bio-composite and a commercial bio-
composite used by the automotive industry. It was showed that the bamboo/PLA 
performs very well mechanically compared to other bio-composites (including a 
commercial bio-composite). It is believed that the lack of impact properties 
displayed by the bamboo/PLA bio-composite could be improved by addition of a 
small amount of a ductile type of polymer (i.e. PP) 
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8. Chapter 8: Summary and Future Work 
 
8.1. Summary 
 
In this work, the potential for natural elementary bamboo fibres to be used 
as an effective reinforcement in bio-composites was demonstrated. The structure 
and properties of elementary bamboo fibres were established showing that these 
fibres display tensile strength of 474 MPa and Young’s modulus of 28 GPa superior 
to flax or hemp fibres which are widely used in natural fibre composites nowadays. 
The origin of Bamboo fibres’s high strength was attributed to be their high cellulose 
content (73%), high crystallinity index (88%), large crystallite size (7-9 nm) and 
low microfibril angle (6.5°). The complex network of cavities inside of the bamboo 
fibres was presented for the first time using SEM-FIB, which elucidated the 
exceptionally high (BET) surface area of 2.41 m2 /g (twice higher than what has 
been reported for most natural fibres). All these characteristics make these fibres a 
promising natural fibre reinforcement for use in structural composite applications.  
Bamboo and PLA fibres were blended using a carding process for making non-
woven mats before being hot pressed into consolidated composite panels. The 
mechanical performances of the composites was optimised by varying the weight 
ratio between bamboo and PLA fibres from 30:70 to 80:20. A bamboo/PLA fibres 
weight ratio of 50:50 was found to be optimum; at this ratio the tensile, flexural and 
impact properties of the resulting composites were found to be maximised. The 
optimised bamboo/PLA bio-composite was mechanically compared to hemp/PLA, 
flax/PLA and a commercial panel of hemp/kenaf/PP which all have a fibre weight 
ratio of 50:50. Bamboo/PLA bio-composite over performed them all except in 
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impact property where the commercial panel is able to further absorb energy due 
to the ductile polypropylene matrix.  
The interfacial adhesion between natural fibre and the matrix is one of the 
major issue of bio-composite restricted their use. To address this issue, it was 
choose to use an amphiphilic block copolymer of PEG-PLA to create a physical 
bond between bamboo fibre and PLA. As a result the mechanical property of the 
bio-composite made with surface coated bamboo fibre were greatly improved 
compared to the neat one, just by using a concentration of PEG-PLA as low as 1% 
of the fibre weight. However the impact property were improved but still need 
improvement as it do not match the property of the commercial panel due to the 
nature of the PLA which do not have the capability to absorb as much energy as 
polypropylene, for instance.  
Once the manufacturing process and the fibre blend ratio were optimised, 
an industrial trial was conducted at the European Centre for Non-woven on a non-
woven pilot line. Two mats of 20 m of bamboo/PLA and flax/PLA nonwovens were 
produced with area density area of ~1800 g/m2 using 50 wt% of natural fibres and 
50 wt% of PLA fibres. The bamboo/PLA bio-composite has higher tensile and 
flexural property than the flax/PLA and the commercial bio-composite. 
Bamboo fibre displays higher mechanical properties than flax or hemp which are 
justified by a set of physico-chemical and morphological characteristic. Using this 
set of properties open the door to a larger area of applications such as high 
performance natural fibre composites, heavy metal filtration, packaging, or sound 
insulation. The establishment of the structure-property relationship of bamboo/PLA 
bio-composites at different fibre ratio give an overview on the industrial potential 
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to tailor the mechanical properties of such bio-composites according to the targeted 
applications. By mechanically comparing bamboo/PLA bio-composites with 
flax/PLA, hemp/PLA or commercial panel emphases the potential of bamboo fibre 
to reinforce high performance bio-composites. Furthermore these mechanical 
properties can greatly be enhanced using an amphiphilic block copolymer of PEG-
PLA in the case of PLA matrix. But amphiphilic block copolymer are versatile and 
can be tailor in term of length, HLB but also in term of block. It means in the case 
of an industrial application involving bamboo fibre with another matrix, the 
amphiphilic block copolymer can be tailor to have the PEG attached to a polymer 
of same nature to the matrix. The industrial prototype as proof of concept, 
demonstrate the industrial feasibility of bamboo/PLA bio-composite using a pilot 
line. 
Bamboo fibre offer a great range of potential applications based on its 
properties and morphology. Bamboo/PLA bio-composites can be used as an 
alternative product for automotive applications but also in many other industries as 
the bio-composite can be tailored to fit the desired mechanical requirements. The 
use of amphiphilic block copolymer of PEG-PLA is interesting as it greatly 
improves the mechanical property but most importantly can be tailored to match 
the nature of the matrix and extend the range of application of natural fibre 
composites. 
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8.2. Future Work 
 
Approach 1: UV absorption and anti-bacterial property 
 
It has been mentioned that the long-term durability and performance of 
natural fibre reinforced composites are limited by their UV sensitivity and moisture 
absorption which is likely to promote bacteria growth. In this work, it is proposed 
to use bamboo fibres as an alternative natural fibre which is likely to be able to 
overcome some of the aforementioned limitations. Indeed, bamboo fibres have 
been shown to display antibacterial properties and UV blocking ability [45, 46]. It 
is believed that these advantageous properties of bamboo fibres could contribute to 
improving the durability of bamboo reinforced composites in addition to its 
superior mechanical properties compared to other natural fibre as discussed in this 
thesis. . However it is claimed that many of these properties are related to the 
presence of lignin in natural bamboo fibre [45, 46]. An investigation of these 
properties in the fibre then on the composite are the next logical step to investigate 
suitability of bamboo based bio-composites for industrial applications. 
To push further this study, it is recommended to investigate the UV 
absorption and antibacterial properties of bamboo PLA bio-composites using 
different nano-particles such as zinc oxide and titanium dioxide nanoparticles as 
these material are known for their anti-bacterial as well as UV absorption 
performance [128, 144].  
A preliminary work has been started on the UV absorption using the 
aforementioned nano-particles to coat the surface of bamboo fibres. The nano-
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particles of zinc oxide and titanium dioxide were dispersed with a concentration of 
0.5 wt% of fibre mass in a solution of water and acetone (1:1) using ultrasonic bath 
for 60 min. The fibres (3 g) were dipped into 25 mL of the above solution and dried 
in an oven for 24h at 45°C prior to characterisation. The characterisation of UV 
absorption was carried out on a UV-Vis Cary 5000 from 200 to 800 nm in 
reflectance mode. This preliminary results show great improvement of the UV 
absorption by the nanoparticles (Fig. 8.1). Bamboo fibres coated with titanium 
dioxide nano-particles have stronger UV absorption than neat bamboo fibres or 
with zinc oxide coating. However, the zinc oxide coating offered a UV absorption 
on a larger wavelength compared with titanium dioxide. 
 
 
Fig. 8.1 UV-Vis on bamboo fibre, neat and coated with either ZnO or TiO2. 
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The next logical step is to combine both the PEG-PLA block-copolymer 
(1% of the fibre mass) and nano-particles (0.5 and 1% of the fibre mass) on the 
surface of the bamboo fibres and investigate the influence on mechanical 
properties. Both, the amphiphilic block copolymer and nanoparticles are applied on 
the surface of the fibre using the same methodology and solvent for the dispersion 
which make this approach attractive. This work aims to improve the bamboo 
fibre/PLA matrix interface adhesion as well as enhance the UV resistance and 
antibacterial properties of composites. This could be realised by comparing non 
coated bamboo fibre reinforced PLA bio-composites with PLA bio-composite 
coated with PEG-PLA, ZnO, TiO2, PEG-PLA + ZnO and PEG-PLA + TiO2.  
After each step of the manufacturing process the presence of nano-particles 
and amphiphilic block copolymer on the surface of bamboo fibre will be controlled 
using FTIR. 
On the other hand, the anti-bacterial properties of bamboo/PLA bio-
composite will be investigated using E.coli bacteria. First, a small amount of fibres, 
with and without coating will be put into petri-dishes and incubated. After 
incubation, the anti-bacterial effect will be quantifiable by measuring the area 
around the sample containing the live and or dead bacteria. The same investigation 
will be conducted on the all set of bio-composites.  
To finish this study an accelerated ageing of 750h involving UV and high 
humidity will be conducted. Prior and after the ageing the mechanical properties of 
all bio-composites will be investigated to quantify the effect of the ageing on the 
durability of the bio-composites and to see if the nano-particles provide an 
improvement of the durability.  
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Approach 2: Improving the impact property 
 
There are two recommended approaches to overcome the low impact 
property of bamboo/PLA bio-composite. 
Firstly will be to replace PLA fibres by a more ductile biopolymer fibres 
but not as ductile as the PP to not be too detrimental to the other mechanical 
properties. 
The second approach would be to improve the toughness of PLA by adding 
either rubber micro-particles or dodecylated lignin-g-PLA. The rubber toughening 
method has been utilised widely in carbon fibre epoxy matrix composite for 
transport applications. The dodecylated lignin-g-PLA has been reported to provide 
PLA with 40 times higher elongation which could be the source of improvement of 
impact properties of bio-composite such as bamboo/PLA composites. 
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9. APPENDIX 1 
 
 
 
 
Fig A.2: DSC graph displaying the effect of the annealing treatment on the 
crystallinity of PLA. 
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10. APPENDIX 2 
 
10.1. X-Ray Diffraction 
 
 
Fig. A.10.1 Curve fitting using the software MAUD and Rietveld refinements 
 
Table A.10.1 Rietveld method using MAUD – Final results after the sequence of 
refinement. 
Number of iteration 5 
Rwp   7.745108 % 
sig 1.7175903 
a-cell 7.848681Å 
gamma 94.87187° 
Crystallinity index 88.22% 
Scale factor 2163.279 
crystallite size   91.12059Å 
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Fig. A.10.2 Curve fitting of the XRD spectra using a deconvolution method by 
voigt function. 
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10.2. SEM-FIB 
Cross section 
 
Fig. A.10.3 The SEM pictures show the milling steps after steps of the cross 
section of bamboo fibre. a) The fibre, prior milling, is suspended between two 
carbon tape; b) The cutting process at high current (1 nA) allow the removal of a 
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section of the fibre; c) and d) The milling process was done at low current, from 
0.5 nA to 0.1 nA, to act as a polishing process, however beam damage occur 
through vertical stripes; e) The fibre was coated with platinum to be protected 
from beam damage; f) The final cross section of bamboo fibre after fine milling at 
30 pA. 
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Axial section 
 
Fig. A.10.4 The SEM pictures show the milling steps after steps of the cross 
section of bamboo fibre. a) The fibre, prior milling, is suspended between two 
carbon tape; b) The cutting process at high current (1 nA) allow the removal of a 
part of the fibre from the edge to the centre of the fibre along the axis; c) and d) 
The milling process was done at low current, from 0.5 nA to 0.1 nA, to act as a 
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polishing process, however beam damage occur through vertical stripes; e) and f) 
After a fine milling at 30 pA, the porous network below the lumen of bamboo fibre 
become clearly visible. 
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11. APPENDIX 3 
 
 
Fig. A5 Load-extension curve of PLA and polypropylene (PP) 
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12. APPENDIX 4 
 
 
 
 
 
Fig. A.6: Surface area of the particle of amphiphilic block copolymer of PEG-
PLA in dispersion in a solution of water and acetone (1:1). 
 
 
 
 
 
 
 
 
 
 
162 | P a g e  
 
 
 
 
 
Fig. A.7 FTIR spectrum of bamboo fibre coated with PEG-PLA to support the 
SEM picture 
 
  
163 | P a g e  
 
13. Bibliography 
 
 
1. Verpoest, I., A general Introduction to composites, highlighting the advantages 
of flax & hemp composites, in Flax and Hemp Fibres: a natural solution for the 
composite industry, J. composite, Editor. 2012, JEC Composites: Paris. p. 15-37. 
2. Parliament, E., DIRECTIVE 2005/64/EC OF THE EUROPEAN PARLIAMENT AND OF 
THE COUNCIL of 26 October 2005 2005, Official Journal of the European 
Communities L 310/10: Strasbourg, France. 
3. Holbery, J. and D. Houston, Natural-fiber-reinforced polymer composites in 
automotive applications. JOM, 2006. 58(11): p. 80-86. 
4. Smink, C.K., Vehicle recycling regulations: lessons from Denmark. Journal of 
Cleaner Production, 2007. 15(11–12): p. 1135-1146. 
5. Association, C.e.L., Improving the management of end-of-life vehicles in Canada. 
CELA Publication, 2011. 784. 
6. Kanari, N., J.L. Pineau, and S. Shallari, End-of-life vehicle recycling in the 
european union. JOM, 2003. 55(8): p. 15-19. 
7. Suddell, B.C. and W.J. Evans, Natural Fibers Composites in Automotive 
Application, in Natural fibers, biopolymers, and biocomposites 
2005, CRC Press. 
8. Drzal, L.T., A.K. Mohanty, and M. Misra, Bio-composite materials as alternatives 
to petroleum-based composites for automotive applications. Magnesium, 2001. 
40(60): p. 1.3-2. 
9. Chiaberge, M., New Trends and Developments in Automotive Industry. 2011: 
InTech. 
10. Dammer, L., et al., Market Developments of and Opportunities for biobased 
products and chemicals. Report written for Agentschap NL, reference, 
2013(52202). 
11. Suddell, B.C. Industrial Fibres: Recent and Current Developments. in Symposium 
on Natural Fibres. 
12. Mohanty, A.K., M. Misra, and L.T. Drzal, Surface modifications of natural fibers 
and performance of the resulting biocomposites: An overview. Composite 
Interfaces, 2013. 8(5): p. 313-343. 
13. Dicker, M.P.M., et al., Green composites: A review of material attributes and 
complementary applications. Composites Part A: Applied Science and 
Manufacturing, 2014. 56(0): p. 280-289. 
14. Oever, M.v.d. and H. Bos, Composites Based on Natural Resources, in Industrial 
Application of Natural Fibres: Structure, Properties and Technical Applications, J. 
Mussig, Editor. 2010, John Wiley & Sons, Ltd. p. 437-458. 
15. Franco, P.J.H. and A. Valadez-Gonzalez, Fiber-Matrix Adhesion in Natural Fiber 
Composites, in Natural fibers, biopolymers, and biocomposites, T. Francis, Editor. 
2005, CRC Press. 
16. Shubhra, Q.T.H., et al., Study on the mechanical properties, environmental 
effect, degradation characteristics and ionizing radiation effect on silk reinforced 
polypropylene/natural rubber composites. Composites Part A: Applied Science 
and Manufacturing, 2010. 41(11): p. 1587-1596. 
164 | P a g e  
 
17. Beg, M.D.H. and K.L. Pickering, Accelerated weathering of unbleached and 
bleached Kraft wood fibre reinforced polypropylene composites. Polymer 
Degradation and Stability, 2008. 93(10): p. 1939-1946. 
18. Wang, W., M. Sain, and P.A. Cooper, Hygrothermal weathering of rice hull/HDPE 
composites under extreme climatic conditions. Polymer Degradation and 
Stability, 2005. 90(3): p. 540-545. 
19. Azwa, Z.N., et al., A review on the degradability of polymeric composites based 
on natural fibres. Materials & Design, 2013. 47(0): p. 424-442. 
20. Joshi, S.V., et al., Are natural fiber composites environmentally superior to glass 
fiber reinforced composites? Composites Part A: Applied Science and 
Manufacturing, 2004. 35(3): p. 371-376. 
21. Magniez, K., et al., Overcoming Interfacial Affinity Issues in Natural Fiber 
Reinforced Polylactide Biocomposites by Surface Adsorption of Amphiphilic Block 
Copolymers. ACS Applied Materials & Interfaces, 2012. 5(2): p. 276-283. 
22. Taj, S., M.A. Munawar, and S. Khan, Natural fiber-reinforced polymer 
composites. Proceedings-Pakistan Academy of Sciences, 2007. 44(2): p. 129. 
23. FAO. Why Natural Fibres? 2009  [cited 2014 07/07/2014]; Available from: 
http://www.naturalfibres2009.org/en/iynf/index.html. 
24. Cook, J.G., Handbook of textile fibres: man-made fibres. Vol. 2. 1984: Elsevier. 
25. Gon, D., et al., Jute composites as wood substitute. International Journal of 
Textile Science, 2012. 1(6): p. 84-93. 
26. Mohanty, A.K., et al., Natural fibers, biopolymers, and biocomposites: An 
Introduction - Biodegradable/Biobased Polymers as Matrices for Biocomposite 
Applications, in Natural fibers, biopolymers, and biocomposites, T. Francis, 
Editor. 2005, CRC Press. p. 10-12. 
27. Mussig, J. and M. Hughes, Reinforcements: fibres, in Flax and Hemp Fibres: a 
natural solution for the composite industry. 2012, JEC Composites. 
28. Bismarck, A., S. Mishra, and T. Lampke, Plant Fibers as Reinforcement for Green 
Composites - Plant Fiber Composition and Structure, in Natural fibers, 
biopolymers, and biocomposites, T. Francis, Editor. 2005, CRC Press. p. 46. 
29. Akin, D.E., Chemistry of Plant Fibres, in Industrial Application of Natural Fibres: 
Structure, Properties and Technical Applications, J. Mussig, Editor. 2010, John 
Wiley & Sons, Ltd. p. 13-22. 
30. Mussig, J., et al., Testing Method for Measuring Physical and Mechanical Fibre 
Properties, in Industrial Application of Natural Fibres: Structure, Properties and 
Technical Applications, J. Mussig, Editor. 2010, John Wiley & Sons, Ltd. p. 269-
310. 
31. Khalil, H.P.S.A., et al., Bamboo fibre reinforced biocomposites: A review. 
Materials & Design, 2012. 42(0): p. 353-368. 
32. Eder, M. and I. Burgert, Natural Fibres - Function in Nature, in Industrial 
Application of Natural Fibres: Structure, Properties and Technical Applications, J. 
Mussig, Editor. 2010, John Wiley & Sons, Ltd. p. 23-39. 
33. John, M.J. and S. Thomas, Biofibres and biocomposites. Carbohydrate Polymers, 
2008. 71(3): p. 343-364. 
34. Bledzki, A.K. and J. Gassan, Composites reinforced with cellulose based fibres. 
Progress in Polymer Science, 1999. 24(2): p. 221-274. 
35. Parameswaran, N. and W. Liese, On the fine structure of bamboo fibres. Wood 
Science and Technology, 1976. 10(4): p. 231-246. 
36. Hearle, J.W.S. and J.T. Sparrow, Mechanics of the extension of cotton fibers. II. 
Theoretical modeling. Journal of Applied Polymer Science, 1979. 24(8): p. 1857-
1874. 
165 | P a g e  
 
37. Okubo, K., T. Fuji, and Y. Yamamoto, Development of bamboo-based polymer 
composites and their mechanical properties. Composites Part A: Applied science 
and manufacturing, 2004. 35(3): p. 377-383. 
38. Jain, S., R. Kumar, and U.C. Jindal, Mechanical behaviour of bamboo and 
bamboo composite. Journal of Materials Science, 1992. 27(17): p. 4598-4604. 
39. Mishra, R., B.K. Behera, and B. Pada Pal, Novelty of bamboo fabric. The Journal 
of The Textile Institute, 2012. 103(3): p. 320-329. 
40. Gomina, M., Flax&Hemp composite applications, in Flax and Hemp Fibres: a 
natural solution for the composite industry. 2012, JEC Composite: Paris. p. 141-
162. 
41. Chen, H., Chemical Composition and Structure of Natural Lignocellulose, in 
Biotechnology of Lignocellulose: Theory and Practice. 2014, Springer 
Netherlands: Dordrecht. p. 25-71. 
42. Bambrotex. 2016; Available from: http://www.bambrotex.com/index.htm. 
43. Erdumlu, N. and B. Ozipek, Investigation of regenerated bamboo fibre and yarn 
characteristics. Fibres & Textiles in Eastern Europe, 2008. 16(4): p. 69. 
44. Sarkar, A.K. and S. Appidi, Single bath process for imparting antimicrobial 
activity and ultraviolet protective property to bamboo viscose fabric. Cellulose, 
2009. 16(5): p. 923-928. 
45. Afrin, T., et al., The origin of the antibacterial property of bamboo. Journal of 
The Textile Institute, 2011. 103(8): p. 844-849. 
46. Afrin, T., T. Tsuzuki, and X. Wang, UV absorption property of bamboo. The 
Journal of The Textile Institute, 2011. 103(4): p. 394-399. 
47. Scurlock, J.M.O., D.C. Dayton, and B. Hames, Bamboo: an overlooked biomass 
resource? Biomass and bioenergy, 2000. 19(4): p. 229-244. 
48. Botanicals, B., Pruning and Thining Bamboo, in Website. 2014. 
49. Devi, R., N. Poornima, and P. Guptan, Bamboo—the natural green and eco-
friendly new-type textile material of the 21st century. J Textile Assoc, 2007. 67: 
p. 221-224. 
50. FAO, Bamboo products and trade. 2006. 
51. Organisation, W.B. Bamboo is better because... 2014  [cited 2014 25/07/2014]; 
Available from: http://worldbamboo.net/environment/bamboo-is-better-
because/. 
52. Deshpande, A.P., M.B. Rao, and C.L. Rao, Extraction of bamboo fibers and their 
use as reinforcement in polymeric composites. Journal of Applied Polymer 
Science, 2000. 76(1): p. 83-92. 
53. Ogawa, K., et al., Bamboo Fiber Extraction Method Using a Machining Center. 
Journal of Advanced Mechanical Design, Systems, and Manufacturing, 2008. 
2(4): p. 550-559. 
54. Zakikhani, P., et al., Bamboo fibre extraction and its reinforced polymer 
composite material. Int. J. Chem. Mater. Sci. Eng, 2014. 8(4): p. 322-324. 
55. Vuure, A.W.v., et al., Long Bamboo Fibre Composite, in 18th INTERNATIONAL 
CONFERENCE ON COMPOSITE MATERIALS. 2011: South Korea. 
56. Osorio, L., et al., Morphological aspects and mechanical properties of single 
bamboo fibres and flexural characterization of bamboo/epoxy composites. 
Journal of Reinforced Plastics and Composites, 2011: p. 0731684410397683. 
57. Quitain, A.T., S. Katoh, and T. Moriyoshi, Isolation of Antimicrobials and 
Antioxidants from Moso-Bamboo (Phyllostachys Heterocycla) by Supercritical 
CO2 Extraction and Subsequent Hydrothermal Treatment of the Residues. 
Industrial & Engineering Chemistry Research, 2004. 43(4): p. 1056-1060. 
166 | P a g e  
 
58. Nishina, A., et al., 2,6-Dimethoxy-p-benzoquinone as an antibacterial substance 
in the bark of Phyllostachys heterocycla var. pubescens, a species of thick-
stemmed bamboo. Journal of Agricultural and Food Chemistry, 1991. 39(2): p. 
266-269. 
59. Yao, W. and W. Zhang. Research on manufacturing technology and application 
of natural bamboo fibre. in Intelligent Computation Technology and Automation 
(ICICTA), 2011 International Conference on. 2011. IEEE. 
60. McMullen, P., Fibre/resin composites for aircraft primary structures: a short 
history, 1936–1984. Composites, 1984. 15(3): p. 222-230. 
61. Shurtleff, W. and A. Aoyagi, Henry Ford and his Researchers - History of their 
Work with Soybeans, Soyfoods and Chemurgy (1928-2011): Extensively 
Annotated Bibliography and Sourcebook. 2011: Soyinfo Center. 
62. Hanninen, T. and M. Hughes, Historical, Comtemporary and Future Applications, 
in Industrial Application of Natural Fibres: Structure, Properties and Technical 
Applications, J. Mussig, Editor. 2010, John Wiley & Sons, Ltd. p. 385-395. 
63. Mohanty, A.K., et al., Natural fibers, biopolymers, and biocomposites: An 
Introduction - What are Biocomposite?, in Natural fibers, biopolymers, and 
biocomposites, T. Francis, Editor. 2005, CRC Press. 
64. Karus, M. and M. Kaup, Natural fibres in the European automotive industry. 
Journal of Industrial Hemp, 2002. 7(1): p. 119-131. 
65. Bledzki, A.K., et al., Polypropylene composites with enzyme modified abaca fibre. 
Composites Science and Technology, 2010. 70(5): p. 854-860. 
66. Hejduková, M. and E. Aková, Plant fibers for automotive applications. 2012. 
67. Monteiro, S.N., et al., Natural-fiber polymer-matrix composites: Cheaper, 
tougher, and environmentally friendly. JOM, 2009. 61(1): p. 17-22. 
68. OICA. World Motor Vehicle Production. 2016  [cited 2017 7/05/2017]; Available 
from: http://www.oica.net/category/production-statistics/. 
69. OICA. World Motor Vehicle Production. 1998  [cited 2017 7/05/2017]; Available 
from: http://www.oica.net/wp-content/uploads/2007/06/cl98type.pdf. 
70. Künzli, N., et al., Public-health impact of outdoor and traffic-related air pollution: 
a European assessment. The Lancet, 2000. 356(9232): p. 795-801. 
71. Sakai, S.-i., et al., An international comparative study of end-of-life vehicle (ELV) 
recycling systems. Journal of Material Cycles and Waste Management, 2014. 
16(1): p. 1-20. 
72. Fung, W. and M. Hardcastle, Textiles in automotive engineering. Vol. 13. 2001: 
Woodhead Publishing. 
73. Bledzki, A.K., O. Faruk, and V.E. Sperber, Cars from Bio-Fibres. Macromolecular 
Materials and Engineering, 2006. 291(5): p. 449-457. 
74. Today, P. Natural Fibers' growing needs. 2014  16/07/2014]; Available from: 
http://www.plasticstoday.com/articles/natural-fibers-growing-needs. 
75. Lotus. Lotus Eco Elise. 2014  [cited 2014 16/07/2014]; Available from: 
http://www.lotuscars.com/gb/engineering/eco-elise. 
76. Carbodydesign. Mitsubishi Concept-cX. 2007  [cited 2014 16/07/2014]; Available 
from: http://www.carbodydesign.com/archive/2007/08/31-mitsubishi-concept-
cx/. 
77. Mitsubishi. Greening that matters. 2006  16/07/2014]; Available from: 
http://www.mitsubishi.com/mpac/e/monitor/back/0610/green.html. 
78. Dammer, L., et al., Market Developments of and Opportunities for biobased 
products and chemicals. 2013: Nova-Institute for Ecology and Innovation. 
79. CompositesWorld. Report forecasts growth in natural fiber composites. 2017  
[cited 2017 20/04/2017]; Available from: 
167 | P a g e  
 
http://www.compositesworld.com/news/report-forecasts-growth-in-natural-
fiber-composites. 
80. MarketsandMarkets. Natural Fiber Composites Market by Type (Wood Fiber and 
Non-Wood Fiber), Manufacturing Process (Compression Molding, Injection 
Molding, and Others), Application (Building & Construction, Automotive, and 
Electrical & Electronics), and Region - Global Forecasts to 2021. 2016  [cited 
2017 20/04/2017]; Available from: 
http://www.marketsandmarkets.com/Market-Reports/natural-fiber-
composites-market-90779629.html. 
81. Alibaba. PLA plastic pellets. 2018  [cited 2018 28/01/2018]; Available from: 
https://www.alibaba.com/showroom/pla-plastic-pellets.html. 
82. Plasticker. Real Time Price List. 2018  [cited 2018 28/01/2018]; Available from: 
http://plasticker.de/preise/pms_en.php?show=ok&make=ok&aog=A&kat=Mahl
gut. 
83. Bogoeva-Gaceva, G., et al., Natural fiber eco-composites. Polymer Composites, 
2007. 28(1): p. 98-107. 
84. Hall, J., S.P. Bhattarai, and D.J. Midmore, The Effects of Different Sowing Times 
on Maturity Rates, Biomass, and Plant Growth of Industrial Fiber Hemp. Journal 
of Natural Fibers, 2013. 10(1): p. 40-50. 
85. Tomczak, F., K.G. Satyanarayana, and T.H.D. Sydenstricker, Studies on 
lignocellulosic fibers of Brazil: Part III – Morphology and properties of Brazilian 
curauá fibers. Composites Part A: Applied Science and Manufacturing, 2007. 
38(10): p. 2227-2236. 
86. Li, X., L. Tabil, and S. Panigrahi, Chemical Treatments of Natural Fiber for Use in 
Natural Fiber-Reinforced Composites: A Review. Journal of Polymers and the 
Environment, 2007. 15(1): p. 25-33. 
87. Wambua, P., J. Ivens, and I. Verpoest, Natural fibres: can they replace glass in 
fibre reinforced plastics? Composites Science and Technology, 2003. 63(9): p. 
1259-1264. 
88. George, J., M.S. Sreekala, and S. Thomas, A review on interface modification and 
characterization of natural fiber reinforced plastic composites. Polymer 
Engineering & Science, 2001. 41(9): p. 1471-1485. 
89. Ragoubi, M., et al., Impact of corona treated hemp fibres onto mechanical 
properties of polypropylene composites made thereof. Industrial Crops and 
Products, 2010. 31(2): p. 344-349. 
90. Pizzi, A., et al., High resin content natural matrix–natural fibre biocomposites. 
Industrial Crops and Products, 2009. 30(2): p. 235-240. 
91. Martin, A., et al. Plasma modification of sisal on high density polyethylene 
composites: effect on mechanical properties. in Proceedings from the Third 
International Symposium on Natural Polymers and Composites-ISNaPol. 2000. 
92. Marais, S., et al., Unsaturated polyester composites reinforced with flax fibers: 
effect of cold plasma and autoclave treatments on mechanical and permeation 
properties. Composites Part A: Applied Science and Manufacturing, 2005. 36(7): 
p. 975-986. 
93. Seki, Y., et al. The influence of oxygen plasma treatment of jute fibres on 
mechanical properties of jute fibre reinforced thermoplastic composites. in 
Proceedings of the 5th International Advanced Technologies Symposium 
(IATS’09). 2009. 
94. Sinha, E. and S. Panigrahi, Effect of plasma treatment on structure, wettability of 
jute fiber and flexural strength of its composite. Journal of composite materials, 
2009. 43(17): p. 1791-1802. 
168 | P a g e  
 
95. Joseph, S., P. Koshy, and S. Thomas, The role of interfacial interactions on the 
mechanical properties of banana fibre reinforced phenol formaldehyde 
composites. Composite Interfaces, 2005. 12(6): p. 581-600. 
96. Ray, D., et al., The mechanical properties of vinylester resin matrix composites 
reinforced with alkali-treated jute fibres. Composites Part A: Applied Science 
and Manufacturing, 2001. 32(1): p. 119-127. 
97. Goda, K., et al., Improvement of plant based natural fibers for toughening green 
composites—Effect of load application during mercerization of ramie fibers. 
Composites Part A: Applied Science and Manufacturing, 2006. 37(12): p. 2213-
2220. 
98. Huda, M.S., et al., Effect of chemical modifications of the pineapple leaf fiber 
surfaces on the interfacial and mechanical properties of laminated 
biocomposites. Composite Interfaces, 2008. 15(2-3): p. 169-191. 
99. Bisanda, E.T.N., The Effect of Alkali Treatment on the Adhesion Characteristics of 
Sisal Fibres. Applied Composite Materials, 2000. 7(5-6): p. 331-339. 
100. Abdul Khalil, H.P.S. and H. Ismail, Effect of acetylation and coupling agent 
treatments upon biological degradation of plant fibre reinforced polyester 
composites. Polymer Testing, 2000. 20(1): p. 65-75. 
101. Cantero, G., et al., Effects of fibre treatment on wettability and mechanical 
behaviour of flax/polypropylene composites. Composites Science and 
Technology, 2003. 63(9): p. 1247-1254. 
102. Pothan, L.A. and S. Thomas, Polarity parameters and dynamic mechanical 
behaviour of chemically modified banana fiber reinforced polyester composites. 
Composites Science and Technology, 2003. 63(9): p. 1231-1240. 
103. Xu, Y., et al., Thermomechanical properties of the silanized-kenaf/polystyrene 
composites. Express Polymer Letters, 2009. 3: p. 657-664. 
104. Ismail, H. and H.P.S. Abdul Khalil, The effects of partial replacement of oil palm 
wood flour by silica and silane coupling agent on properties of natural rubber 
compounds. Polymer Testing, 2000. 20(1): p. 33-41. 
105. Saleem, Z., et al., Treating bast fibres with pectinase improves mechanical 
characteristics of reinforced thermoplastic composites. Composites Science and 
Technology, 2008. 68(2): p. 471-476. 
106. Gassan, J. and A.K. Bledzki, Possibilities to Improve the Properties of Natural 
Fiber Reinforced Plastics by Fiber Modification – Jute Polypropylene Composites 
–. Applied Composite Materials, 2000. 7(5-6): p. 373-385. 
107. Liu, H., Q. Wu, and Q. Zhang, Preparation and properties of banana fiber-
reinforced composites based on high density polyethylene (HDPE)/Nylon-6 
blends. Bioresource Technology, 2009. 100(23): p. 6088-6097. 
108. Mohanty, S., et al., Effect of MAPP as a Coupling Agent on the Performance of 
Jute–PP Composites. Journal of Reinforced Plastics and Composites, 2004. 23(6): 
p. 625-637. 
109. Gassan, J. and A.K. Bledzki, Possibilities for improving the mechanical properties 
of jute/epoxy composites by alkali treatment of fibres. Composites Science and 
Technology, 1999. 59(9): p. 1303-1309. 
110. Kabir, M., et al. Effects of natural fibre surface on composite properties: A 
review. in Proceedings of the 1st International Postgraduate Conference on 
Engineering, Designing and Developing the Built Environment for Sustainable 
Wellbeing, Retrieved from http://eprints. usq. edu. au/18822. 2011. 
111. Keener, T.J., R.K. Stuart, and T.K. Brown, Maleated coupling agents for natural 
fibre composites. Composites Part A: Applied Science and Manufacturing, 2004. 
35(3): p. 357-362. 
169 | P a g e  
 
112. Gassan, J. and A.K. Bledzki, The influence of fiber-surface treatment on the 
mechanical properties of jute-polypropylene composites. Composites Part A: 
Applied Science and Manufacturing, 1997. 28(12): p. 1001-1005. 
113. Alexandridis, P., Amphiphilic copolymers and their applications. Current Opinion 
in Colloid & Interface Science, 1996. 1(4): p. 490-501. 
114. Methacanon, P., et al., Properties and potential application of the selected 
natural fibers as limited life geotextiles. Carbohydrate Polymers, 2010. 82(4): p. 
1090-1096. 
115. Hu, R.-H., M.-y. Sun, and J.-K. Lim, Moisture absorption, tensile strength and 
microstructure evolution of short jute fiber/polylactide composite in 
hygrothermal environment. Materials & Design, 2010. 31(7): p. 3167-3173. 
116. Bao, L.-R., A.F. Yee, and C.Y.C. Lee, Moisture absorption and hygrothermal aging 
in a bismaleimide resin. Polymer, 2001. 42(17): p. 7327-7333. 
117. Dhakal, H., Z. Zhang, and M. Richardson, Effect of water absorption on the 
mechanical properties of hemp fibre reinforced unsaturated polyester 
composites. Composites Science and Technology, 2007. 67(7): p. 1674-1683. 
118. Chen, H., M. Miao, and X. Ding, Influence of moisture absorption on the 
interfacial strength of bamboo/vinyl ester composites. Composites Part A: 
Applied Science and Manufacturing, 2009. 40(12): p. 2013-2019. 
119. Singh, B., M. Gupta, and A. Verma, The durability of jute fibre-reinforced 
phenolic composites. Composites science and technology, 2000. 60(4): p. 581-
589. 
120. Stamboulis, A., et al., Environmental durability of flax fibres and their 
composites based on polypropylene matrix. Applied Composite Materials, 2000. 
7(5-6): p. 273-294. 
121. Ren, G., et al., Characterisation of copper oxide nanoparticles for antimicrobial 
applications. International Journal of Antimicrobial Agents, 2009. 33(6): p. 587-
590. 
122. Raghupathi, K.R., R.T. Koodali, and A.C. Manna, Size-Dependent Bacterial 
Growth Inhibition and Mechanism of Antibacterial Activity of Zinc Oxide 
Nanoparticles. Langmuir, 2011. 27(7): p. 4020-4028. 
123. Rajendra, R., et al., Use of zinc oxide nano particles for production of 
antimicrobial textiles. International Journal of Engineering, Science and 
Technology, 2010. 2(1): p. 202-208. 
124. Ghoranneviss, M. and S. Shahidi, Effect of various metallic salts on antibacterial 
activity and physical properties of cotton fabrics. Journal of Industrial Textiles, 
2013. 42(3): p. 193-203. 
125. Dastjerdi, R. and M. Montazer, A review on the application of inorganic nano-
structured materials in the modification of textiles: Focus on anti-microbial 
properties. Colloids and Surfaces B: Biointerfaces, 2010. 79(1): p. 5-18. 
126. Gupta, A.K. and M. Gupta, Synthesis and surface engineering of iron oxide 
nanoparticles for biomedical applications. Biomaterials, 2005. 26(18): p. 3995-
4021. 
127. Rai, M., A. Yadav, and A. Gade, Silver nanoparticles as a new generation of 
antimicrobials. Biotechnology Advances, 2009. 27(1): p. 76-83. 
128. Zille, A., et al., Application of nanotechnology in antimicrobial finishing of 
biomedical textiles. Materials Research Express, 2014. 1(3): p. 032003. 
129. Erem, A.D., G. Ozcan, and M. Skrifvars, Antibacterial activity of PA6/ZnO 
nanocomposite fibers. Textile Research Journal, 2011. 81(16): p. 1638-1646. 
130. Ravishankar Rai, V. and A. Jamuna Bai, Nanoparticles and their potential 
application as antimicrobials. Science against microbial pathogens: 
170 | P a g e  
 
Communicating current research and technological advances, A. Méndez-Vilas 
(Ed.), 2011: p. 197-209. 
131. Windler, L., M. Height, and B. Nowack, Comparative evaluation of antimicrobials 
for textile applications. Environment International, 2013. 53(0): p. 62-73. 
132. Yuan Gao and R. Cranston, Recent Advances in Antimicrobial Treatments of 
Textiles. Textile Research Journal, 2008. 78(1): p. 60-72. 
133. Kong, M., et al., Antimicrobial properties of chitosan and mode of action: A state 
of the art review. International Journal of Food Microbiology, 2010. 144(1): p. 
51-63. 
134. Kim, H.W., B.R. Kim, and Y.H. Rhee, Imparting durable antimicrobial properties 
to cotton fabrics using alginate–quaternary ammonium complex nanoparticles. 
Carbohydrate Polymers, 2010. 79(4): p. 1057-1062. 
135. Orhan, M., D. Kut, and C. Gunesoglu, Improving the antibacterial activity of 
cotton fabrics finished with triclosan by the use of 1,2,3,4-butanetetracarboxylic 
acid and citric acid. Journal of Applied Polymer Science, 2009. 111(3): p. 1344-
1352. 
136. Hollaway, L.C., A review of the present and future utilisation of FRP composites 
in the civil infrastructure with reference to their important in-service properties. 
Construction and Building Materials, 2010. 24(12): p. 2419-2445. 
137. Dittenber, D.B. and H.V.S. GangaRao, Critical review of recent publications on 
use of natural composites in infrastructure. Composites Part A: Applied Science 
and Manufacturing, 2012. 43(8): p. 1419-1429. 
138. Matuana, L.M., S. Jin, and N.M. Stark, Ultraviolet weathering of HDPE/wood-
flour composites coextruded with a clear HDPE cap layer. Polymer Degradation 
and Stability, 2011. 96(1): p. 97-106. 
139. Matuana, L.M. and D.P. Kamdem, Accelerated ultraviolet weathering of 
PVC/wood-flour composites. Polymer Engineering & Science, 2002. 42(8): p. 
1657-1666. 
140. Ndiaye, D., et al., Durability of wood polymer composites: Part 1. Influence of 
wood on the photochemical properties. Composites Science and Technology, 
2008. 68(13): p. 2779-2784. 
141. Stark, N.M., Effect of weathering cycle and manufacturing method on 
performance of wood flour and high-density polyethylene composites. Journal of 
Applied Polymer Science, 2006. 100(4): p. 3131-3140. 
142. Butylina, S., M. Hyvärinen, and T. Kärki, A study of surface changes of wood-
polypropylene composites as the result of exterior weathering. Polymer 
Degradation and Stability, 2012. 97(3): p. 337-345. 
143. García, M., et al., Wood–plastics composites with better fire retardancy and 
durability performance. Composites Part A: Applied Science and Manufacturing, 
2009. 40(11): p. 1772-1776. 
144. Kathirvelu, S., L. D’souza, and B. Dhurai, UV protection finishing of textiles using 
ZnO nanoparticles. Indian J Fibre Text Res, 2009. 34(3): p. 267-273. 
145. Statista. Production of plastics worldwide from 1950 to 2014 (in million metric 
tons)*. 2015  [cited 2016 15/05/2016]; Available from: 
http://www.statista.com/statistics/282732/global-production-of-plastics-since-
1950/. 
146. Bioplastic, E. Bioplastic Market data. 2015  [cited 2014 27/03/2016]; 
2016:[Available from: http://docs.european-
bioplastics.org/2016/publications/EUBP_facts_and_figures.pdf. 
147. Averous, L. and N. Boquillon, Biocomposites based on plasticized starch: thermal 
and mechanical behaviours. Carbohydrate Polymers, 2004. 56(2): p. 111-122. 
171 | P a g e  
 
148. Plackett, D. and A. Sodergard, Polylactide-Based Biocomposites, in Natural 
fibers, biopolymers, and biocomposites. 2005: CRC Press. 
149. Henton, D.E., et al., Polylactic Acid Technology, in Natural fibers, biopolymers, 
and biocomposites. 2005, CRC Press. 
150. NatureWorks. Ingeo™ Biopolymer 6202D Technical Data Sheet. 2018  [cited 
2018 2/02/2018]; Available from: 
https://www.natureworksllc.com/~/media/Files/NatureWorks/Technical-
Documents/Technical-Data-Sheets/TechnicalDataSheet_6202D_fiber-melt-
spinning_pdf.pdf?la=en. 
151. Koronis, G., A. Silva, and M. Fontul, Green composites: A review of adequate 
materials for automotive applications. Composites Part B: Engineering, 2013. 
44(1): p. 120-127. 
152. Mohanty, A.K., M. Misra, and G. Hinrichsen, Biofibres, biodegradable polymers 
and biocomposites: An overview. Macromolecular Materials and Engineering, 
2000. 276-277(1): p. 1-24. 
153. Oksman, K., M. Skrifvars, and J.F. Selin, Natural fibres as reinforcement in 
polylactic acid (PLA) composites. Composites Science and Technology, 2003. 
63(9): p. 1317-1324. 
154. PlasticsEurope, Plastics – the Facts 2014/2015: An analysis of European plastics 
production, demand and waste data 2015. 
155. Lee, B.-H., et al., Bio-composites of kenaf fibers in polylactide: Role of improved 
interfacial adhesion in the carding process. Composites Science and Technology, 
2009. 69(15–16): p. 2573-2579. 
156. Plackett, D., et al., Biodegradable composites based on l-polylactide and jute 
fibres. Composites Science and Technology, 2003. 63(9): p. 1287-1296. 
157. Bledzki, A.K., A. Jaszkiewicz, and D. Scherzer, Mechanical properties of PLA 
composites with man-made cellulose and abaca fibres. Composites Part A: 
Applied Science and Manufacturing, 2009. 40(4): p. 404-412. 
158. Faruk, O., et al., Biocomposites reinforced with natural fibers: 2000–2010. 
Progress in Polymer Science, 2012. 37(11): p. 1552-1596. 
159. Pickering, K.L., M.G.A. Efendy, and T.M. Le, A review of recent developments in 
natural fibre composites and their mechanical performance. Composites Part A: 
Applied Science and Manufacturing, 2016. 83: p. 98-112. 
160. Bodros, E., et al., Could biopolymers reinforced by randomly scattered flax fibre 
be used in structural applications? Composites Science and Technology, 2007. 
67(3–4): p. 462-470. 
161. Yu, T., Y. Li, and J. Ren, Preparation and properties of short natural fiber 
reinforced poly(lactic acid) composites. Transactions of Nonferrous Metals 
Society of China, 2009. 19, Supplement 3(0): p. s651-s655. 
162. Islam, M.S., K.L. Pickering, and N.J. Foreman, Influence of alkali treatment on the 
interfacial and physico-mechanical properties of industrial hemp fibre reinforced 
polylactic acid composites. Composites Part A: Applied Science and 
Manufacturing, 2010. 41(5): p. 596-603. 
163. Hu, R. and J.-K. Lim, Fabrication and Mechanical Properties of Completely 
Biodegradable Hemp Fiber Reinforced Polylactic Acid Composites. Journal of 
Composite Materials, 2007. 41(13): p. 1655-1669. 
164. Graupner, N., A. Herrmann, and J. Müssig, Natural and man-made cellulose 
fibre-reinforced poly(lactic acid) (PLA) composites: An overview about 
mechanical characteristics and application areas. Composites Part A: Applied 
Science and Manufacturing, 2009. 40(6–7): p. 810-821. 
172 | P a g e  
 
165. Gregorova, A., et al., Surface modification of spruce wood flour and effects on 
the dynamic fragility of PLA/wood composites. Polymer Engineering & Science, 
2011. 51(1): p. 143-150. 
166. Ismail, H., S. Shuhelmy, and M.R. Edyham, The effects of a silane coupling agent 
on curing characteristics and mechanical properties of bamboo fibre filled 
natural rubber composites. European Polymer Journal, 2002. 38(1): p. 39-47. 
167. Ismail, H., The Effects of Filler Loading and a Silane Coupling Agent on the 
Dynamic Properties and Swelling Behaviour of Bamboo Filled Natural Rubber 
Compounds. Journal of Elastomers & Plastics, 2003. 35(2): p. 149-159. 
168. Lee, S.-H. and S. Wang, Biodegradable polymers/bamboo fiber biocomposite 
with bio-based coupling agent. Composites Part A: Applied Science and 
Manufacturing, 2006. 37(1): p. 80-91. 
169. Xie, Y., et al., Silane coupling agents used for natural fiber/polymer composites: 
A review. Composites Part A: Applied Science and Manufacturing, 2010. 41(7): 
p. 806-819. 
170. Biagiotti, J., D. Puglia, and J.M. Kenny, A Review on Natural Fibre-Based 
Composites-Part I. Journal of Natural Fibers, 2004. 1(2): p. 37-68. 
171. La Mantia, F.P. and M. Morreale, Green composites: A brief review. Composites 
Part A: Applied Science and Manufacturing, 2011. 42(6): p. 579-588. 
172. Tran, L.Q.N., et al., Fiber-matrix interfacial adhesion in natural fiber composites. 
International Journal of Modern Physics B, 2015. 29(10n11): p. 1540018. 
173. Merriam-Webster. Amphiphilic Definition. 2017  [cited 2017 6/05/2017]; 
Available from: https://www.merriam-webster.com/dictionary/amphiphilic. 
174. Church, J.S., et al., A simple and effective method to ameliorate the interfacial 
properties of cellulosic fibre based bio-composites using poly (ethylene glycol) 
based amphiphiles. European Polymer Journal, 2015. 64: p. 70-78. 
175. Shenboo. New Green Natural and Eco-friendly Product—Natural Original 
Bamboo Fiber. 2014  [cited 2014 25/11/2014]; Available from: 
http://www.kongfi.com/new.htm. 
176. Volk, N., R. He, and K. Magniez, Enhanced homogeneity and interfacial 
compatibility in melt-extruded cellulose nano-fibers reinforced polyethylene via 
surface adsorption of poly(ethylene glycol)-block-poly(ethylene) amphiphiles. 
European Polymer Journal, 2015. 72(Supplement C): p. 270-281. 
177. Mueller, D.H. and A. Krobjilowski, New Discovery in the Properties of Composites 
Reinforced with Natural Fibers. Journal of Industrial Textiles, 2003. 33(2): p. 111-
130. 
178. Zafeiropoulos, N.E. and C.A. Baillie, A study of the effect of surface treatments 
on the tensile strength of flax fibres: Part II. Application of Weibull statistics. 
Composites Part A: Applied Science and Manufacturing, 2007. 38(2): p. 629-638. 
179. Andersons, J., et al., Strength distribution of elementary flax fibres. Composites 
Science and Technology, 2005. 65(3–4): p. 693-702. 
180. Dumée, L., et al., Characterization of carbon nanotube webs and yarns with 
small angle X-ray scattering: Revealing the yarn twist and inter-nanotube 
interactions and alignment. Carbon, 2013. 63: p. 562-566. 
181. Jakob, H.F., P. Fratzl, and S.E. Tschegg, Size and Arrangement of Elementary 
Cellulose Fibrils in Wood Cells: A Small-Angle X-Ray Scattering Study of Picea 
abies. Journal of Structural Biology, 1994. 113(1): p. 13-22. 
182. Astley, O.M. and A.M. Donald, A Small-Angle X-ray Scattering Study of the Effect 
of Hydration on the Microstructure of Flax Fibers. Biomacromolecules, 2001. 
2(3): p. 672-680. 
173 | P a g e  
 
183. He, J., Y. Tang, and S.-Y. Wang, Differences in Morphological Characteristics of 
Bamboo Fibres and other Natural Cellulose Fibres: Studies on X-Ray Diffraction, 
Solid State^ 1^ 3C-CP/MAS NMR, and Second Derivative FTIR Spectroscopy Data. 
Iranian Polymer Journal, 2007. 16(12): p. 807. 
184. Garvey, C.J., I.H. Parker, and G.P. Simon, On the Interpretation of X-Ray 
Diffraction Powder Patterns in Terms of the Nanostructure of Cellulose I Fibres. 
Macromolecular Chemistry and Physics, 2005. 206(15): p. 1568-1575. 
185. Nishiyama, Y., P. Langan, and H. Chanzy, Crystal Structure and Hydrogen-
Bonding System in Cellulose Iβ from Synchrotron X-ray and Neutron Fiber 
Diffraction. Journal of the American Chemical Society, 2002. 124(31): p. 9074-
9082. 
186. Lutterotti, L., Total pattern fitting for the combined size–strain–stress–texture 
determination in thin film diffraction. Nuclear Instruments and Methods in 
Physics Research Section B: Beam Interactions with Materials and Atoms, 2010. 
268(3–4): p. 334-340. 
187. Ku, H., et al., A review on the tensile properties of natural fiber reinforced 
polymer composites. Composites Part B: Engineering, 2011. 42(4): p. 856-873. 
188. Oksman, K., et al., The influence of fibre microstructure on fibre breakage and 
mechanical properties of natural fibre reinforced polypropylene. Composites 
Science and Technology, 2009. 69(11–12): p. 1847-1853. 
189. Andersons, J., et al., Strength distribution of elementary flax fibres. Composites 
Science and Technology, 2005. 65(3): p. 693-702. 
190. Naito, K., et al., Flexural Properties of PAN- and Pitch-Based Carbon Fibers. 
Journal of the American Ceramic Society, 2009. 92(1): p. 186-192. 
191. Xia, Z., et al., Study on the breaking strength of jute fibres using modified 
Weibull distribution. Composites Part A: Applied Science and Manufacturing, 
2009. 40(1): p. 54-59. 
192. Liese, W., Research on bamboo. Wood Science and Technology, 1987. 21(3): p. 
189-209. 
193. Butterfield, B.G. and B.A. Meylan, Three-dimensional structure of wood. 1980: 
Springer Science & Business Media. 
194. Crow, E. and R.J. Murphy, Microfibril orientation in differentiating and maturing 
fibre and parenchyma cell walls in culms of bamboo (Phyllostachys viridi-
glaucescens (Carr.) Riv. & Riv.). Botanical Journal of the Linnean Society, 2000. 
134(1-2): p. 339-359. 
195. Burgert, I., et al., A Comparison of Two Techniques for Wood Fibre Isolation - 
Evaluation by Tensile Tests on Single Fibres with Different Microfibril Angle. 
Plant Biology, 2002. 4(1): p. 9-12. 
196. Mwaikambo, L., Review of the history, properties and application of plant fibres. 
African Journal of Science and Technology, 2006. 7(2): p. 121. 
197. Fan, M., D. Dai, and B. Huang, Fourier transform infrared spectroscopy for 
natural fibres. 
198. Yueping, W., et al., Structures of Natural Bamboo Fiber for Textiles. Textile 
Research Journal, 2009. 
199. Poletto, M., H.L. Ornaghi, and A.J. Zattera, Native cellulose: structure, 
characterization and thermal properties. Materials, 2014. 7(9): p. 6105-6119. 
200. Nam, S., et al., Segal crystallinity index revisited by the simulation of X-ray 
diffraction patterns of cotton cellulose Iβ and cellulose II. Carbohydrate 
Polymers, 2016. 135: p. 1-9. 
174 | P a g e  
 
201. Newman, R.H., Estimation of the lateral dimensions of cellulose crystallites using 
13C NMR signal strengths. Solid State Nuclear Magnetic Resonance, 1999. 15(1): 
p. 21-29. 
202. Reddy, N. and Y. Yang, Structure and properties of high quality natural cellulose 
fibers from cornstalks. Polymer, 2005. 46(15): p. 5494-5500. 
203. Nishiyama, Y., Structure and properties of the cellulose microfibril. Journal of 
Wood Science, 2009. 55(4): p. 241-249. 
204. Corrêa, A.C., et al., Cellulose nanofibers from curaua fibers. Cellulose, 2010. 
17(6): p. 1183-1192. 
205. Fernandes, A.N., et al., Nanostructure of cellulose microfibrils in spruce wood. 
Proceedings of the National Academy of Sciences, 2011. 108(47): p. E1195-
E1203. 
206. Sears, K., et al., Focused Ion Beam Milling of Carbon Nanotube Yarns and Bucky-
Papers: Correlating Their Internal Structure with Their Macro-Properties, in Fib 
nanostructures, Z.M. Wang, Editor. 2013, Springer. 
207. Fidelisa, M.E.A., et al., The effect of fiber morphology on the tensile strength of 
natural fibers. Journal of Materials Research and Technology, 2013. 2. 
208. Alves Fidelis, M.E., et al., The effect of fiber morphology on the tensile strength 
of natural fibers. Journal of Materials Research and Technology, 2013. 2(2): p. 
149-157. 
209. Tran, L.Q.N., et al., Wetting analysis and surface characterisation of coir fibres 
used as reinforcement for composites. Colloids and Surfaces A: Physicochemical 
and Engineering Aspects, 2011. 377(1–3): p. 251-260. 
210. Namkhang, P. and P. Kongkachuichay, Synthesis of Copper-Based 
Nanostructured Catalysts on SiO2–Al2O3, SiO2–TiO2, and SiO2–ZrO2 Supports 
for NO Reduction. Journal of nanoscience and nanotechnology, 2015. 15(7): p. 
5410-5417. 
211. Walton, K.S. and R.Q. Snurr, Applicability of the BET Method for Determining 
Surface Areas of Microporous Metal−Organic Frameworks. Journal of the 
American Chemical Society, 2007. 129(27): p. 8552-8556. 
212. Thielmann, F., D.J. Burnett, and J.Y. Heng, Determination of the surface energy 
distributions of different processed lactose. Drug development and industrial 
pharmacy, 2007. 33(11): p. 1240-1253. 
213. Das, S.C., et al., Use of surface energy distributions by inverse gas 
chromatography to understand mechanofusion processing and functionality of 
lactose coated with magnesium stearate. European Journal of Pharmaceutical 
Sciences, 2011. 43(4): p. 325-333. 
214. Cordeiro, N., et al., Natural fibers characterization by inverse gas 
chromatography. Carbohydrate Polymers, 2011. 84(1): p. 110-117. 
215. Bismarck, A., et al., Surface characterization of flax, hemp and cellulose fibers; 
Surface properties and the water uptake behavior. Polymer Composites, 2002. 
23(5): p. 872-894. 
216. Coupas, A.C., H. Gauthier, and R. Gauthier, Inverse gas chromatography as a 
tool to characterize ligno-cellulosic fibers modified for composite applications. 
Polymer Composites, 1998. 19(3): p. 280-286. 
217. Hodzic, A. and R. Shanks, Natural fibre composites: materials, processes and 
properties. 2014: Woodhead Publishing. 
218. Mallick, P.K., Fiber-reinforced composites: materials, manufacturing, and design. 
1993: CRC press. 
175 | P a g e  
 
219. Oksman, K., et al., Morphology and mechanical properties of unidirectional 
sisal– epoxy composites. Journal of Applied Polymer Science, 2002. 84(13): p. 
2358-2365. 
220. Alimuzzaman, S., R.H. Gong, and M. Akonda, Impact Property of PLA/Flax 
Nonwoven Biocomposite. Conference Papers in Materials Science, 2013. 2013: 
p. 6. 
221. Bax, B. and J. Müssig, Impact and tensile properties of PLA/Cordenka and 
PLA/flax composites. Composites Science and Technology, 2008. 68(7–8): p. 
1601-1607. 
222. Thomason, J.L. and M.A. Vlug, Influence of fibre length and concentration on the 
properties of glass fibre-reinforced polypropylene: 4. Impact properties. 
Composites Part A: Applied Science and Manufacturing, 1997. 28(3): p. 277-288. 
223. Lee, B.-H., H.-J. Kim, and W.-R. Yu, Fabrication of long and discontinuous natural 
fiber reinforced polypropylene biocomposites and their mechanical properties. 
Fibers and Polymers, 2009. 10(1): p. 83-90. 
224. Sim, K.J., S.O. Han, and Y.B. Seo, Dynamic mechanical and thermal properties of 
red algae fiber reinforced poly (lactic acid) biocomposites. Macromolecular 
research, 2010. 18(5): p. 489-495. 
225. Solarski, S., M. Ferreira, and E. Devaux, Characterization of the thermal 
properties of PLA fibers by modulated differential scanning calorimetry. 
Polymer, 2005. 46(25): p. 11187-11192. 
226. Bledzki, A.K. and A. Jaszkiewicz, Mechanical performance of biocomposites 
based on PLA and PHBV reinforced with natural fibres – A comparative study to 
PP. Composites Science and Technology, 2010. 70(12): p. 1687-1696. 
227. Likittanaprasong, N., M. Seadan, and S. Suttiruengwong, Impact property 
enhancement of poly (lactic acid) with different flexible copolymers. IOP 
Conference Series: Materials Science and Engineering, 2015. 87(1): p. 012069. 
228. Grøtli, M., et al., Physical Properties of Poly(ethylene glycol) (PEG)-Based Resins 
for Combinatorial Solid Phase Organic Chemistry:  A Comparison of PEG-Cross-
Linked and PEG-Grafted Resins. Journal of Combinatorial Chemistry, 2000. 2(2): 
p. 108-119. 
229. Liang, S., et al., High-Strength Cellulose/Poly(ethylene glycol) Gels. 
ChemSusChem, 2008. 1(6): p. 558-563. 
230. Yang, J., et al., Mechanical and Viscoelastic Properties of Cellulose Nanocrystals 
Reinforced Poly(ethylene glycol) Nanocomposite Hydrogels. ACS Applied 
Materials & Interfaces, 2013. 5(8): p. 3199-3207. 
231. Feih, S., et al., Testing procedure for the single fiber fragmentation test. 2004, 
Forskningscenter Risø. 
232. Ko, Y.S., W.C. Forsman, and T.S. Dziemianowicz, Carbon fiber-reinforced 
composites: Effect of fiber surface on polymer properties. Polymer Engineering & 
Science, 1982. 22(13): p. 805-814. 
233. Immergut, E.H. and H.F. Mark, Principles of Plasticization, in 
<bold>Plasticization</bold> and Plasticizer Processes. 1965, AMERICAN 
CHEMICAL SOCIETY. p. 1-26. 
234. Herrera-Franco, P.J. and A. Valadez-González, A study of the mechanical 
properties of short natural-fiber reinforced composites. Composites Part B: 
Engineering, 2005. 36(8): p. 597-608. 
235. Herrera-Franco, P.J. and A. Valadez-González, Mechanical properties of 
continuous natural fibre-reinforced polymer composites. Composites Part A: 
Applied Science and Manufacturing, 2004. 35(3): p. 339-345. 
176 | P a g e  
 
236. Aziz, S.H., et al., Modified polyester resins for natural fibre composites. 
Composites Science and Technology, 2005. 65(3–4): p. 525-535. 
237. Chua, P.S., Dynamic mechanical analysis studies of the interphase. Polymer 
Composites, 1987. 8(5): p. 308-313. 
 
